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International  Symposium  on  Compound  Semiconductors 
Award  and  Heinrich  Welker  Award 


The  International  Symposium  on  Compound  Semiconductors  Award  was  initiated  in 
1976;  the  recipients  are  selected  by  the  International  Symposium  on  Compound 
Semiconductors  Award  Committee  for  outstanding  researeh  in  the  area  of  III-V 
compound  semiconductors.  The  Heinrich  Welker  Award  eonsists  of  $5000  and  a  plaque 
citing  the  recipient’s  contribution  to  the  field.  The  Award,  established  by  Siemens  AG, 
Munich,  honours  the  foremost  pioneer  in  III-V  compound  semiconductor  development. 


The  winners  of  the  Symposium  Award  and  the  Heinrich  Welker  Award  are: 


1977 

Nick  Holonyak 

for  developing  the  first  practical  light-emitting  diodes 

1978 

Cyril  Hilsum 

for  contributions  in  the  fields  of  transferred  electron  logic 
devices  (TELDs)  and  GaAs  MESFETs 

1980 

Hisayoshi  Yanai 

for  his  work  on  TELDs,  GaAs  MESFETs  and  ICs,  and 
laser  diode  modulation  with  TELDs 

1981 

Gerald  L  Pearson 

for  research  and  teaching  in  compound  semiconductors 
physics  and  device  technology 

1982 

Herbert  Kroemer 

for  his  work  on  hot-electron  effects,  Gunn  oscillators  and 
III-V  heterostructure  devices 

1984 

Izuo  Hayashi 

for  development  and  understanding  of  room  temperature 
operation  of  DH  lasers 

1985 

Heinz  Beneking 

for  his  contributions  to  III-V  semiconductor  technology 
and  novel  devices 

1986 

Alfred  Y  Cho 

for  pioneering  work  on  molecular  beam  epitaxy  and  his 
contribution  to  III-V  semiconductor  research 

1987 

Zhores  I  Alferov 

for  outstanding  contributions  in  theory,  technology  and 
devices,  especially  epitaxy  and  laser  diodes 

1988 

Jerry  Woodall 

for  introducing  the  III-V  alloy  AlGaAs  and  fundamental 
contributions  to  III-V  physics 

vi 

1989  Don  Shaw  for  pioneering  work  on  epitaxial  crystal  growth  by 

chemical  vapour  deposition 

1990  George  S  Stillmann  for  the  characterization  of  high-purity  GaAs  and 

developing  avalanche  photodetectors 

1991  Lester  F  Eastman  in  recognition  of  his  dedicated  work  in  the  field,  especially 

on  ballistic  electron  transport,  5-doping,  buffer  layer 
technique,  and  AlInAs/GalnAs  heterostructures 

1992  Harry  C  Gatos  for  his  contribution  to  science  and  technology  of  GaAs 

and  related  compounds,  particularly  in  relating  growth 
parameters,  composition  and  structure  to  electronic 
properties 

1993  James  A  Turner  for  pioneering  the  development  of  GaAs  MESFETs, 

MMICs,  circuit  fabrication  and  analytical  techniques 

1994  Federico  Capasso  for  leading  work  on  bandgap  engineering  of 

semiconductor  devices  and  discovery  of  many  new 
phenomena  in  artificially  structured  semiconductors 

1995  Isamu  Akasaki  for  his  pioneering  and  outstanding  contributions  in 

the  field  of  III-V  nitride  compound  semiconductors 

1996  Ben  G  Streetman  for  his  seminal  contribution  to  the  development 

of  ion  implantation  techniques  for  both  device 
fabrication  and  the  study  of  the  properties  of 
nitrogen  in  ternary  alloys,  and  for  pioneering 
work  on  microcavity  emitters  and  detectors. 


The  1997  Award  Committee  of  the  24th  International  Symposium  on  Compound 
Semiconductors  has  selected  M  George  Craford  of  Hewlett-Packard  to  receive  the  award. 

M  George  Craford  was  born  on  29  December,  1938,  in  Sioux  City,  Iowa.  He  obtained 
the  BA  degree  in  Physics  from  the  University  of  Iowa  in  1961,  and  the  PhD  degree  in 
Physics  from  the  University  of  Illinois  in  1967. 

Dr  Craford  began  his  professional  career  in  1967  as  a  research  physicist  at  Monsanto 
Chemical  Company  in  St  Louis,  Missouri.  He  advanced  to  the  level  of  Technical 
Director  of  the  Monsanto  Electronics  Divsion  in  1974,  a  position  he  held  until  1979. 
Initially,  his  research  dealt  with  the  development  of  optoelectronics  materials  and  devices 
using  a  variety  of  compound  semiconductor  materials.  He  later  assumed  management 
responsibility  of  silicon  wafer  development  as  well  as  compound  semiconductor  materials 
and  device  development  at  Monsanto. 


In  1979,  Dr  Craford  joined  the  Hewlett-Packard  Company  in  Palo  Alto,  California. 
He  is  currently  Research  and  Development  Manager  in  the  Optoelectronics  Division, 
responsible  for  the  development  of  technology  and  processes  for  manufacturing  visible 
light  emitting  diodes  (LEDs). 

Dr  Craford  is  most  well  known  for  his  contributions  to  the  development  of  nitrogen- 
doped  GaAsP  technology  for  yellow  and  red-orange  LEDs  developed  at  Monsanto  in 
the  early  1970s.  This  has  become  one  of  the  dominant  commercial  LED  technologies.  It 
has  for  many  years  been  common  in  products  such  as  digital  clocks  and  radio  desplays, 
displays  used  in  electronic  measurement  devices  and  test  equipment,  indoor  large  area 
message  signs  and  for  a  wide  variety  of  other  commercial  products. 

At  Hewlett-Packard,  Dr  Craford  and  his  group  have  maintained  a  leadership  position 
in  LED  performance  and  production  technology  with  the  introduction  of  AlInGaP  devices, 
which  have  brighter  luminous  efficiencies  than  incandescent  lamps. 

Dr  Craford  is  a  Fellow  of  the  IEEE  and  a  member  of  the  National  Academy 
of  Engineering.  He  has  also  received  the  IEEE  Morris  N  Liebmann  Award  and  the 
Electronics  Division  Award  of  the  Electrochemical  Society.  He  has  published  over  fifty 
papers  and  book  chapters,  has  given  invited  and  plenary  talks  at  a  variety  of  conferences, 
and  holds  several  commercially  important  patents.  His  IEEE  activities  have  included 
serving  on  the  Program  Committee  of  the  IEEE  Device  Research  Conference,  as  associate 
editor  of  the  IEEE  Transactions  on  Electron  Devices,  as  member  and  chairman  of  the 
IEEE  Jack  A  Morton  Technical  Field  Award  Committee,  and  as  a  member  of  the  TF.F.F. 
Electron  Devices  Society  AdCom. 

Dr  Craford  and  his  wife,  Carol,  reside  in  Los  Altos  Hills,  California.  They  have 
two  children,  David  and  Stephen.  His  nonprofessional  interests  include  cycling,  tennis, 
hiking,  and  rock  climbing. 


Young  Scientist  Award 


The  International  Advisory  Committee  of  the  International  Symposium  on  Compound 
Semiconductors  has  established  a  Young  Scientist  Award  to  recognize  technical 
achievements  in  the  field  of  compound  semiconductors  by  a  scientist  under  the  age 
of  forty.  The  Award  consists  of  a  financial  reward  of  $1000  and  a  plaque  citing  the 
recipient’s  contribution.  This  year’s  Award  Fund  is  provided  by  EPI. 


The  Young  Scientist  Award  recipients  are; 

1986  Russel  D  Dupuis  for  work  in  the  development  of  organometallic  vapour 

phase  epitaxy  of  compound  semiconductors 

1987  Naoki  Yokoyama  for  contributions  to  self-aligned  gate  technology  for  GaAs 

MESFETs  and  ICs  and  the  resonant  tunnelling 
hot-electron  transistor 

1989  Russel  Fischer  for  demonstration  of  state  of  the  art  performance,  at  DC 

and  microwave  frequencies,  of  MESFETs,  HEMTs 
and  HBTs  using  (AlGa)As  on  Si 

1990  Yasuhiko  Arakawa  for  pioneering  work  on  low-dimensional  semiconductor 

lasers,  showing  the  superior  performance  of  quantum 
wire  and  quantum  box  devices 

1992  Umesh  K  Mishra  for  pioneering  and  outstanding  work  on  AlInAs-GalnAs 

HEMTs  and  HBTs 

1993  Young-Kai  Chen  for  significant  advancements  in  the  fields  of  high-speed 

III-V  electronic  and  optoelectronic  devices 

1994  Michael  A  Haase  for  contributions  on  II-VI  based  blue  LEDs  and 

ZnSe-based  electro-optic  modulators 

1995  John  D  Ralston  for  pioneering  and  outstanding  contributions  in  the 

field  of  high-speed  high-power  semiconductor  lasers 

1996  Nikolai  Ledentsov  for  his  pioneering  and  outstanding  contribution 

to  the  development  of  physics  and  MBE  growth  of 
InGaAs-GaAs  quantum  dots  and  quantum  dot  lasers. 


The  1997  Award  Committee  of  the  24th  International  Symposium  on  Compound 
Semiconductors  has  selected  Fred  Kish,  R&D  Project  Manager,  in  the  Optoelectronics 
Division  of  Hewlett-Packard  Company,  San  Jose,  CA,  for  the  Young  Scientist  Award. 

Fred  A  Kish  Jr  was  born  in  Charlotte,  NC,  in  1966.  He  received  his  BS  degree  in 
Electrical  Engineering  with  Highest  Honors  in  1988,  and  his  MS  and  PhD  degrees  in 
Electrical  Engineering  in  1989  and  1992,  respectively,  all  from  the  University  of  Illinois 
at  Urbana-Champaign.  At  the  University  of  Illinois,  he  studied  under  the  direction 
of  Professor  Nick  Holonyak  Jr,  performing  research  on  native  oxides  formed  from 
Al-bearing  III-V  compound  semiconductors  with  applications  to  semiconductor  laser 
diodes.  This  work  resulted  in  the  discovery  that  such  native  oxides  could  be  employed 
to  form  waveguides  and  index-guided  laser  diodes. 

In  1992,  Dr  Kish  joined  the  Materials  Research  and  Development  Department  of 
Hewlett-Packard  Company’s  Optoelectronics  Division.  At  Hewlett-Packard,  he  co¬ 
invented  new  techniques  for  the  direct  wafer  bonding  of  compound  semiconductors  which 
led  to  the  realization  and  subsequent  commercial  introduction  of  high-efficiency  wafer- 
bonded  transparent-substrate  AlGalnP  LEDs  (the  highest  efficiency  commercial  LEDs 
in  the  yellow  through  red  spectral  regime).  For  this  work,  he  was  awarded  the  Adolph 
Lomb  Medal  from  the  Optical  Society  of  America  in  1996. 

Currently,  Dr  Kish  is  project  manager  of  a  group  focused  on  developing  new 
compound  semiconductor  wafer-bonding  techniques  and  high-power,  high-efficiency 
visible-spectrum  LEDs.  He  holds  over  10  US  patents  and  has  co-authored  over  35 
peer-reviewed  publications. 


Preface 


The  24th  International  Symposium  on  Compound  Semiconductors  (ISCS)  was  held 
8-11  September  1997  at  the  Hotel  del  Coronado  in  San  Diego,  California.  A  total 
of  160  papers  were  selected  from  over  250  submissions  from  18  countries  for  123  oral 
and  37  poster  presentations.  In  addition,  there  were  two  plenary  and  16  invited  papers 
presented.  The  plenary  speakers  were  Lou  Tomasetta  of  Vitesse  Semiconductor  who 
spoke  on  ‘Commercialization  of  the  Semiconductor  of  the  Future’  and  Shuji  Nakamura 
from  Nichia  Chemical  Industries  who  spoke  on  ‘III-V  Nitride  Based  Blue/Green  LEDs 
and  LDs’. 

The  chapters  are  organized  by  subject.  You  will  find  that  there  are  substantial  cross¬ 
links  between  them,  so  we  hope  you  will  roam  through  this  digest  and  utilize  the  many 
fine  papers  for  your  research. 

The  1998  ISCS  will  be  held  in  Nara,  Japan,  from  12-16  October  1998,  the  1999 
ISCS  will  be  held  in  Berlin,  Germany,  and  then  it  will  return  to  the  United  States  in 
2000. 

We  would  like  to  thank  Herb  Goronkin  of  Motorola  who  served  as  the  Symposium 
Chair,  the  Technical  Program  Committee  for  reviewing  the  abstracts  and  constructing  a 
high-quality  symposium,  those  who  served  as  session  chairs,  and  we  would  especially 
like  to  thank  Melissa  Estrin  of  lEEE/LEOS  for  her  valuable  help. 


Mark  A  Reed 

Yale  University 
Technical  Program  Chair 

Mike  Melloch 

Purdue  University 
Associate  Program  Chair 
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III-V  Nitride-Based  Blue  LDs  with  Modulation-Doped 
Strained-Layer  Superlattices 
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S.  Nakamura 

R&D  Department,  Nichia  Chemical  Industries,  Ltd.,  491  Oka,  Kaminaka,  Anan  774,  Japan 

Abstract.  InGaN  multi-quantum-well-structure  (MQW)  laser  diodes  (LDs)  with  Alo,i4Gao,g6N/GaN 
modulation  doped  strained-layer  superlattice  (MD-SLS)  cladding  layers  grown  on  an  epitaxially  laterally  overgrown 
GaN  (ELOG)  substrate  was  demonstrated  to  have  a  lifetime  of  more  than  1150  hours  under  room-temperature 
continuous-wave  operation.  The  use  of  the  MD-SLS  was  effective  in  reducing  the  operating  voltage  of  the  LDs. 
The  ELOG  substrate  was  used  to  reduce  the  number  of  threading  dislocations  in  the  InGaN  MQW  structure.  After 
2  pm  etching  of  the  ELOG  substrate,  the  etch  pit  density  was  about  2  xlO^/cm^  in  the  region  of  the  4-pm-wide 
stripe  window,  but  almost  zero  in  the  region  of  the  8-pm-wide  Si02  stripe. 


1.  Introduction 

Short-wavelength-emitting  devices,  such  as  blue  laser  diodes  (LDs),  are  currently  required  for  a 
number  of  applications,  including  full-color  electroluminescent  displays,  laser  printers,  read-write  laser 
sources  for  high-density  information  storage  on  magnetic  and  optical  media,  and  sources  for  undersea 
optical  communications.  Major  developments  in  wide-gap  ni-V  nitride  semiconductors  have  recently  led 
to  the  commercial  production  of  high-brighmess  blue/green  light-emitting  diodes  (LEDs)  and  to  the 
demonstration  of  room-temperature  (RT)  violet  laser  light  emission  in  InGaN/GaN/AlGaN-based 
heterostructures  under  pulsed  and  continuous-wave  (CW)  operations  [1].  The  lifetime  of  the  InGaN 
multi-quantum-well  (MQW)  structure  LDs  have  been  improved  to  300  hours  under  RT-CW  operation 
[2].  However,  further  improvements  of  the  LD  characteristics  are  required  to  enable  comriiercialization 
of  short-wavelength  LDs.  At  present,  one  of  the  problems  is  that  it  is  difficult  to  ^ow  a  thick  AlGaN 
cladding  layer  required  for  optical  confinement,  due  to  the  formation  of  cracks  during  the  growth  in  Ae 
layers.  These  cracks  are  caused  by  the  stress  introduced  in  the  AlGaN  cladding  layers  due  to  lattice 
mismatch,  and  the  difference  in  thermal  expansion  coefficients  between  the  AlGaN  cladding  layer  and 
GaN  layers.  There  have  been  no  reports  on  the  use  of  the  AlGaN/GaN  strained-layer  superlattices 
(SLSs)  for  ni-V  nitride-based  LDs  to  prevent  cracking  during  the  growth.  Here,  we  describe  the  InGaN 
MQW-structure  LDs  which  have  AlGaN/GaN  modulation-doped  strained-layer  superlattices  (MD-SLSs) 
within  the  range  of  critical  thickness  as  cladding  layers  instead  of  thick  AlGaN  layers.  Modulation 
doping  of  the  SLSs  was  performed  to  reduce  the  operating  voltage  of  the  LDs.  As  a  substrate,  the 
epitaxially  laterally  overgrown  GaN  (ELCXJ)  on  sapphire  was  used  to  reduce  the  number  of  threading 
dislocations  of  the  GaN  epilayer,  which  was  report^  recently  by  Usui  et  al.  [3]  and  later  by  Nam  et  d 
[4]. 


2.  InGaN  MQW  LDs  with  MD-SLS  cladding  layers 

in-V  nitride  films  were  grown  by  the  two-flow  MOCVD  method,  the  details  of  which  have  been 
described  elsewhere  [1].  The  growth  was  conducted  at  atmospheric  pressure.  First,  the  selective  growth 
of  GaN  was  performed  on  a  2-iim-thick  GaN  layer  grown  on  a  (0001)  C-face  sapphire  substrate.  The 
0.1-|im-thick  silicon  dioxide  (Si02)  mask  was  patterned  to  form  4-|im-wide  stripe  windows  with  a 
periodicity  of  12  pm  in  the  GaN  <1-100>  direction.  After  10-pm-thick  GaN  growth  on  the  Si02  mask 
pattern,  the  coalescence  of  the  selectively  grown  GaN  made  it  possible  to  achieve  a  flat  GaN  surface 
over  the  entire  substrate,  as  shown  in  Fig.l.  We  call  this  coalesced  GaN  the  ELOG.  The  growth 
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condition  and  the  Si02  mask  pattern  of  the  ELOG  were  previously  reported  in  detail  by  Kato  at  al  [5]. 
Figure  1  shows  the  etched  surface  morphology  of  the  ELOG  substrate.  The  etching  of  the  GaN  was 
performed  by  reactive  ion  etching  with  Clj  plasma  [1].  The  etching  depth  was  as  large  as  2  |rm  in  order 
to  reveal  the  etch  pit  clearly.  Many  hexagonal  etch  pits  were  observed  on  the  4-pm-wide  stripe  window, 
as  shown  in  Fig.  1.  The  etch  pit  density  was  about  2  xlO^/cm^  in  the  region  of  the  4-pm-wide  stripe 
window.  However,  the  etch  pit  density  was  almost  zero  in  the  region  of  the  S-pm-wide  Si02  stripe. 


Fig.  1.  Etched  surface  morphology  of  the  ELOG  substrate.  The  Si02  stripe  width  and  window  width  of  the  ELOG 

®  7  2’ 

substrate  were  8  pm  and  4  pm,  respectively.  The  etch  pit  density  was  about  2  xlO  /cm  in  the  region  of  the  4- 

pm-wide  stripe  window. 

The  InGaN  MQW  LD  structure  was  grown  on  the  ELOG  substrate.  The  InGaN  MQW  LD  device 
consisted  of  a  3-pm-thick  layer  of  n-type  GaN:Si,  a  0.1-pm-thick  layer  of  n-type  Ino.iGao,9N:Si,  a 
AIq  nGao  geN/GaN  MD-SLS  cladding  layer  consisting  of  one-hundred-twenty  25-A-thick  undoped 
GaN  separated  by  25-A-thick  Si-doped  Aio.wGao.geN  layers,  a  0.1-pm-thick  layer  of  Si-doped  GaN, 
an  Ino  isGbq  gjN/Ino  o2Gao,98N  MQW  structure  consisting  of  four  35-A-thick  Si-doped  ItiQ  jsGao.gsN 
well  layers  forming  a  gain  medium  separated  by  105-A-thick  Si-doped  Ino.02Gao.98N  barrier  layers,  a 
200-A-thick  layer  of  p-type  Alo.2Gao.8N:Mg,  a  0.1-pm-thick  layer  of  Mg-doped  GaN,  a 
Alo  i4Gao  geN/GaN  MD-SLS  cladding  layer  consisting  of  one-hundred-twenty  25-A-thick  undoped 
GaN  separated  by  25-A-thick  Mg-doped  Al0.14Ga0.80N  layers,  and  a  0.05-pm-thick  layer  of  p-type 
GaN:Mg.  Figure  2  shows  the  structure  of  the  LDs.  The  laser  cavity  was  formed  within  the  Si02  stripe 
and  parallel  to  the  direction  of  the  Si02  stripe.  The  area  of  the  ridge-geometry  LD  was  4  pm  x  550  pm. 
The  cavity  length  of  the  LDs  was  varied  between  550  pm  and  300  pm.  A  mirror  facet  was  form^  by 
dry  etching,  as  reported  previously  [1].  High-reflection  facet  coatings  (50  %)  consisting  of  2  pairs  of 
quarter-wave  Ti02/Si02  dielectric  multilayers  were  used  to  reduce  the  threshold  current.  A  Ni/Au 
contact  was  evaporated  onto  the  p-type  GaN  layer,  and  a  Ti/Al  contact  was  evaporated  onto  the  n-type 
GaN  layer.  The  electrical  characteristics  of  the  LDs  fabricated  in  this  way  were  measured  under  a  direct 
current  (DQ  at  room  temperature  (RT). 

Figure  3  shows  typical  voltage-current  (V-I)  characteristics  and  the  light  output  power  per  coated 
facet  of  the  LD  wit  a  cavity  length  of  550  pm  as  a  function  of  the  forward  DC  current  (L-I)  at  RT.  No 


3 


stimulated  emission  was  observed  up  to  a  threshold  current  of  90  mA,  which  corresponded  to  a 
threshold  current  density  of  4  kA/cm^,  as  shown  in  Fig.  3.  The  operating  voltage  at  the  threshold 
current  was  4.6  V.  The  threshold  current  and  voltage  of  the  LD  with  a  cavity  length  of  300  |xm  were  50 
mA  and  5  V.  We  were  able  to  reduce  the  operating  voltage  using  the  ELOG  substrate  and  the  MD-SLS, 
in  comparison  with  previous  values  of  the  LDs  [1].  The  operating  voltages  of  the  LDs  with  the  same 
structure,  except  for  the  cladding  layer  which  was  changed  to  uniformly  Si-doped  SLSs  consisting  of 
Si-doped  AIq  ggN/Si-doped  GaN,  were  about  6-7  V.  Therefore,  the  use  of  the  MD-SLSs  were 
effective  in  reducing  the  operating  voltage  of  the  LDs.  Resulting  from  the  good  optical  confinement,  we 
achieved  the  lowest  threshold  current  of  16  mA  and  voltage  of  5.5  V  with  a  laser  cavity  length  of  200 
|j,m  under  RT-CW  operation  using  the  AlGaN/GaN  MD-SLS  cladding  layers. 


Fig.  2.  Structure  of  the  InGaN  MQW  LDs  with  MD-SLS  cladding  layers  grown  on  the  ELOG  substrate. 
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Fig.  3.  Typical  L-I  and  V-I  characteristics  of  InGaN  MQW  LDs  measured  under  CW  operation  at  RT. 
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Figure  4  shows  the  results  of  a  lifetime  test  of  CW-operated  LDs  with  a  cavity  length  of  500  pm 
and  300  pm  carried  out  at  RT,  in  which  the  operating  current  is  shown  as  a  function  of  time  under  a 
constant  output  power  of  2  mW  per  facet  controlled  using  an  autopower  controller  (APC).  A  small 
increase  of  the  operating  current  is  observed  with  increasing  operating  time.  The  LDs  still  survive  after 
1150  hours  of  operation,  which  is  much  longer  than  that  (300  hours)  in  previous  reports  [2],  This  long 
lifetime  is  probably  due  to  the  small  number  of  cracks  and  the  low  dislocation  density  resulting  from  the 
use  of  the  MD-SLS  and  the  ELOG  substrate. 


Fig.  4.  Operating  current  as  a  function  of  time  under  a  constant  output  power  of  2  mW  per  facet  controlled  using  an 
autopower  controller.  The  LDs  with  a  cavity  length  of  500  pm  and  300  pm  were  operated  under  DC  at  RT. 


The  emission  spectra  of  the  LDs  with  a  cavity  length  of  500  pm  were  measured  under  RT  CW 
operation.  At  a  current  of  90  mA,  longitudinal  modes  with  a  mode  separation  of  0.04  nm  were 
observed.  At  a  current  of  100  mA,  a  single-mode  emission  was  observed  at  an  emission  wavelength  of 
403.7  nm.  At  currents  from  100  mA  to  120  mA,  only  single-mode  emission  at  a  wavelength  of  403.7 
nm  was  observed. 

In  summary,  InGaN  MQW  LDs  with  the  MD-SLS  cladding  layers  grown  on  the  ELOG  substrate 
were  demonstrated  to  have  a  lifetime  longer  than  1 150  hours  under  RT  CW  operation.  The  lifetime  test 
is  still  continuing  after  1150  hours.  These  results  indicate  a  promising  future  of  the  m-V  nitride-based 
short-wavelength  LDs. 
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Growth  and  doping  of  P-GaN  and  P-(In,Ga)N  films  and 
heterostructures 


O.  Brandt',  B.  Yang,  H.  Yang,^  J.  R.  Mullhauser,  and  K.  H.  Ploog 

Paul-Drude-Institut  fur  Festkorperelektronik,  Hausvogteiplatz  5-7, 

D-10117  Berlin,  Germany 

Abstract.  We  discuss  the  growth  of  cubic  GaN  and  (In,Ga)N  films  on  GaAs  by  plasma-assisted 
molecular  beam  epitaxy.  Conditions  to  be  satisfied  for  the  synthesis  of  single-phase  films  are  pointed 
out.  In  the  case  of  the  binary  compound  GaN,  strictly  stoichiometric  growth  is  required,  while  the 
ternary  compound  (In.Ga)N  has  to  be  grown  N  rich  for  reducing  the  amount  of  In  segregating  on  the 
growth  front.  Finally,  we  discuss  our  finding  of  high  p-type  conductivities  in  (Be,0)-codoped  GaN 
films  in  the  light  of  recent  theoretical  studies  of  this  subject. 

1.  Introduction 

Cubic  (p)  m-V  nitrides  are  believed  to  possess  potential  advantages  for  the  fabrication  of  blue  and 
green  light-emitting  diodes  and  laser  diodes  as  compared  to  their  hexagonal  (tx)  counterparts,  particu¬ 
larly,  easier  cleavage  (compatible  with  the  substrate)  and  a  substantially  smaller  bandgap.  A  number  of 
researchers,  using  molecular  beam  epitaxy  (MBE),  have  synthesized  P-GaN  of  fair  quality  (see  Brandt 
et  al  1995  and  references  therein).  Necessary  ingredients  for  an  optoelectronic  device  such  as  the  con¬ 
trolled  n-type  and  p-type  doping  of  P-GaN,  as  well  as  the  growth  of  Al  and  In  containing  alloys  have, 
however,  been  investigated  just  by  one  group  each  (Kim  et  al  1994,  Lin  et  al  1993,  Nakadaira  et  al 
1997,  Abernathy  et  al  1995,  respectively).  Since  the  optical  quality  of  P-GaN  is  not  too  far  from  device 
requirements,  further  studies  of  its  doping  as  well  as  of  its  alloys  with  In  and  Al  are  timely  for  exploring 
the  potential  of  this  material  class.  In  this  paper,  we  briefly  summarize  the  results  of  our  recent  studies 
on  the  growth  and  doping  of  P-GaN  and  P-(In,Ga)N  on  GaAs. 

2.  Experimental 

The  p-GaN  and  P-(In,Ga)N  films  studied  in  this  work  are  synthesized  on  semi-insulating  GaAs(OOl) 
substrates  mounted  In-free  on  Mo  holders  in  two  different  custom-made  MBE  systems,  one  of  which 
(M2)  is  a  two-chamber  machine  equipped  with  a  DC  glow-discharge  N-plasma  source  (Riber  NFS  200), 
while  the  other  (M8)  is  a  three-chamber  machine  with  an  RF  N-plasma  source  (SVT).  Prior  to  the  growth 
of  P-(In,Ga)N,  a  P-GaN  buffer  layer  is  grown  under  optimized  growth  conditions  (Brandt  et  al  1995, 
Brandt  et  al  1997).  X-ray  measurements  are  performed  using  a  double-crystal  diffractometer  equipped 
with  a  Cu/fai  anode  and  a  Ge(004)  monochromator.  The  measurements  shown  here  are  taken  with  a 
50  fjm  detector  slit  in  the  co  -  20  mode.  Secondary  ion-mass  spectrometry  (SIMS)  is  performed  with  a 
CAMECA  4F  utilizing  both  Cs+  and  OJ  ions  at  energies  of  10-15  keV.  All  electrical  measurements  are 
done  in  a  four-terminal  configuration  with  the  GaAs  substrate  and  buffer  layer  (if  any)  etched  off. 

'  Corresponding  author.  Fax:+49-30-20377-201 ;  E-mail:  brandt@pdi.wias-berlin.de 

^  Present  address:  National  Research  Center  for  Optoelectronic  Technology  (NCOT),  Institute  of  Semiconductors,  Chi¬ 
nese  Academy  of  Science,  P.  O.  Box  912,  Beijing  100083,  China. 
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3.  Results  and  Discussion 

3.1.  Growth  of  P-( In,  Ga)N 

First,  we  briefly  comment  on  the  question  under  which  conditions  epitaxial  growth  of  P-GaN  on  GaAs 
is  actually  achieved.  We  found  (Yang  et  al  96,  Brandt  et  al  97)  that  epitaxy  is  achieved  by  using  a  high 
N/Ga  ratio  during  the  nucleation  stage,  whereas  a  low  N/Ga  ratio  invariably  results  in  polycrystalline 
columnar  growth.  However,  during  further  growth,  the  N/Ga  ratio  at  the  growth  front  must  be  close  to 
unity  if  the  formation  of  hexagonal  domains  is  to  be  avoided.  Figure  1  shows  an  expanded  portion  of  the 
CO  -  20  scans  for  two  samples. 

Concerning  the  growth  of  P-(In,Ga)N,  the  primary  issue  we  have  to  deal  with  is  the  incorporation 
of  sufficient  amounts  of  In  without  affecting  the  crystal  quality  too  much.  In  both  our  MBE  systems 
M2  and  M8,  no  measurable  incorporation  of  In  is  achieved  using  the  growth  conditions  employed  for 
P-GaN,  namely,  a  N/m  ratio  close  to  1  and  a  temperature  of  680°C.  Simply  lowering  the  growth  tem¬ 
perature  leads  first  (at  about  550°C)  to  severe  roughening  of  the  film  and  eventually  (at  about  500°C)  to 
polycrystalline  growth.  Ex  situ  investigations  of  such  films  by  scanning  electron  microscopy  show  the 
presence  of  densely  packed  In  droplets  on  the  surface,  suggesting  that  In  is  merely  segregating  on  the 
growth  front  under  these  conditions.  This  phenomenon  is  markedly  reduced  when  increasing  the  N/IH 
(III=Ga-i-In)  ratio  to  values  around  3.  However,  a  connected  morphology  free  of  In  droplets  is  achieved 
only  when  growth  takes  place  under  a  N/III  ratio  of  at  least  3  and  at  elevated  temperatures  around  620°C. 

Based  on  the  above  results,  a  series  of  150  nm-thick  P-(In,Ga)N  layers  are  grown  in  MBE  system 
M2  on  GaAs(OOl)  substrates  at  620°C  with  an  effective  N/III  flux  ratio  of  3.  The  GaN  buffer  layers 


Figure  1.  m-  20  scans  of  two  P-(In,Ga)N/GaN  structures  grown  in  M2  with  different  In  content. 
The  solid  line  is  a  fit  of  the  profiles  with  two  Pseudo- Voigt  functions.  The  inset  shows  the  In  content 
in  several  layers  vs.  the  group  III  flux  ratio  employed  during  growth.  The  solid  line  is  a  fit  with  a 
segregation-and-desorption  model. 
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Figure  2.  SIMS  profile  of  a  P-(In,Ga)N/GaN  structure  grown  in  M8.  Note  the  high  In  concentration 
with  the  In  shutter  closed.  The  arrows  depict  growth  interruptions.  The  ordinate  refers  to  the  atom 
density  of  GaAs. 


are  500  nm  thick  for  all  of  these  samples.  For  determining  the  dominant  modification  as  well  as  the 
In  content,  both  to  and  ®  -  20  X-ray  scans  are  taken  from  these  samples.  No  diffraction  from  either 
[001]-  or  [lll]-oriented  hexagonal  domains  is  detectable  in  these  scans.  A  low-angle  shoulder  of  the 
dominant  P-GaN  (002)  reflection  at  19.96°  is  visible  in  both  scans,  which  we  attribute  to  the  (002) 
reflection  from  the  respective  P-(In,Ga)N  film.  For  determining  the  angular  position  and  the  width  of 
this  shoulder,  the  profiles  are  fit  by  Pseudo- Voigt  functions.  The  width  of  the  P-(In,Ga)N  (002)  reflection 
is  around  20-40',  compared  to  10-15'  for  the  p-GaN  (002)  reflection.  This  broadening  corresponds  to  a 
substantial  inhomogeneous  strain  within  the  p-(In,Ga)N  layer.  To  go  further,  the  In  content  is  obtained 
by  calculating  the  difference  of  the  angular  positions  assuming  validity  of  Vegard’s  law  and  taking  the 
lattice  constants  of  cubic  GaN  and  InN  to  be  0.451  and  0.498  nm,  respectively.  The  broadening  of  the 
P-(In,Ga)N  reflection  with  respect  to  that  of  P-GaN  then  corresponds  to  a  fluctuation  in  the  In  content 
of  up  to  4%.  However,  for  these  samples  no  InN(002)  was  observed,  so  that  phase  separation  is  not 
complete  at  least  for  these  low  In  contents. 

The  inset  of  Fig.  1  displays  the  In/(In4Ga)  flux  ratio  dependence  of  the  In  content  of  these  P- 
(In,Ga)N  layers.  As  discussed  in  detail  by  Yang  et  al  (1997),  the  strongly  nonlinear  dependence  most 
likely  results  from  the  desorption  of  an  In  surface  species  segregating  on  the  growth  front.  In  fact,  the 
data  can  be  fit  well  by  a  simple  segregation-and-desorption  rate  equation  model  (see  Yang  et  al  1997 
and  references  therein)  assuming  steady-state  conditions  and  complete  surface  depletion  for  each  grown 
layer.  The  only  free  parameter  of  the  model  is  the  segregation  energy,  for  which  we  obtain  0.48  eV  in 
the  case  of  the  present  data.  This  value  is  remarkably  high,  suggesting  that  In  segregation  in  P-(In,Ga)N 
is  very  strong  indeed.  We  stress,  however,  that  segregation  of  In  is  very  strongly  depending  on  the  N/III 
ratio.  Higher  N/III  ratios  than  those  we  were  able  to  use  here  are  clearly  necessary  to  achieve  a  more 
efficient  In  incorporation. 

This  requirement  is  easily  met  when  using  our  second  MBE  system  M8,  since  the  N  plasma  source 


installed  there  is  able  to  deliver  an  effective  active  N  flux  well  in  excess  of  1  monolayer/s.  In  fact,  the 
actual  In  content  (up  to,  at  present,  40%)  in  P-(In,Ga)N  layers  grown  in  M8  at  the  same  temperature  as 
that  used  in  M2  (620°C)  is  close  to  the  nominal  one,  meaning  that  In  segregation  is  drastically  reduced. 
Furthermore,  the  optical  quality  of  these  layers  is  improved  with  respect  to  those  grown  in  M2  as  broad 
but  intense  photoluminescence  is  detected  at  room  temperature  (Miillhauser  et  al  1997).  Figure  2  shows 
the  SIMS  depth  profile  of  a  P-(In,Ga)N  /GaN  structure  grown  in  M8  with  a  nominal  In  content  of  25%. 
Several  interesting  observations  can  be  made  from  this  experiment.  First  of  all,  the  actual  In  content  with 
the  In  shutter  open  is  3.5  x  10^’  cm“^,  i.  e.,  about  17%  and  thus  only  slightly  lower  than  the  nominal  one. 
Second,  growth  interruptions  cause  a  dip  in  the  In  concentration  profile,  demonstrating  the  efficient 
depletion  of  the  surface  at  the  temperature  used  here.  Third,  the  In  content  in  the  P-GaN  buffer  layer, 
where  during  growth  the  In  cell  was  shuttered  close  but  held  at  the  same  temperature,  is  as  large  as  1% 
and  thus  only  one  order  of  magnitude  lower  than  with  the  In  shutter  open.  We  attribute  this  finding,  which 
we  found  to  be  strongly  depenbdent  on  the  idling  temparture  of  the  In  cell,  to  a  ”N  drag  effect”  in  analogy 
the  ”As  drag  effect”  which  has  recently  been  investigated  in  much  detail  by  Wasilewski  et  al  (1997).  In 
short,  a  fraction  of  atoms  from  an  idling  cell  may  escape  after  specular  reflections  from  the  shutter  into 
the  growth  chamber  where  they  may  be  dragged  towards  the  substrate  when  intersecting  a  molecular 
beam  of  comparatively  large  beam  equivalent  pressure.  This  phenomenon  is  machine  dependent  as  it  is 
affected  by  the  geometry  of  the  system,  but  it  is  considered  to  be  of  great  significance  for  nitride  MBE 
growth  since  the  beam  equivalent  pressure  of  the  N2  or  NH3  beam  employed  there  is,  in  general,  very 
large.  Note,  finally,  that  growth  interruptions  during  deposition  of  the  P-GaN  buffer  layer  leads  to  an 
accumulation  of  In  onto  the  surface. 

3.2.  p-type  doping — the  codoping  approach 

Conventional  wisdom  suggests  that  successful  p-type  doping  of  a  semiconductor  requires  the  concentra¬ 
tion  of  compensating  impurities  to  be  as  small  as  possible.  Thus,  every  attempt  is  generally  undertaken 
to  minimize  the  background  electron  concentration  in  nominally  undoped  GaN.  Furthermore,  care  has 
to  be  taken  to  avoid  unintentional  crossdoping  by  the  above  mentioned  ”N  drag  effect”  in  a  p-n  struc¬ 
ture.  Recently,  however,  we  have  accidentally  discovered  an  approach  which  seems  to  rely  on  exactly 
the  opposite  principles,  namely,  on  the  simultaneous  presence  of  acceptors  and  donors  in  almost  equal 
amounts.  Indeed,  we  have  measured  p-type  resistivities  as  low  as  0.02  ficm  in  P-GaN  which  are  codoped 
with  high  concentrations  of  Be  and  O  (Brandt  et  al  1996).  Our  qualitative  arguments  devised  to  explain 
this  striking  result  have  recently  been  substantiated  by  two  independent  theoretical  works  (Bemadini  et 
al  1997,  Yamamoto  et  al  1997).  The  main  results  of  the  calculations  of  these  groups  are  similar  and  may 
be  summarized  as  follows.  First,  codoping  with  chemically  reactive  species  considerably  enhances  the 
solubility  of  both  species  and  prevents  selfcompensation.  Second,  ion  pairs  are  predicted  to  form,  push¬ 
ing  the  energy  levels  of  the  reacting  species  towards  the  respective  band,  thus  reducing  their  activation 
energy.  Third,  the  formation  of  ion  pairs  transforms  two  Coulomb  scattering  centers  into  a  single  dipole 
scatterer,  thus  enhancing  the  mobility. 

Figure  3  shows  the  SIMS  profile  of  such  a  (Be,0)  codoped  structure.  The  rectifying  characteristic 
of  this  junction,  which  could  be  measured  after  etching  off  the  (semiinsulating)  GaAs  substrate,  allowed 
Hall  measurements  of  the  top  p-type  P-GaN  layer.  This  particular  sample  shows  an  activated  conduc¬ 
tivity  with  a  hole  concentration  and  mobility  of  2xl0'*  cm~3  and  50  cm^A'^s  at  room  temperature, 
respectively.  Although  higher  than  for  the  sample  reported  in  our  previous  work  (Brandt  et  al  1996),  the 
resulting  resistivity  of  this  sample  is  still  superior  to  any  other  reported  for  GaN. 
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Figure  3.  SIMS  profile  of  a  (Be,0)-codoped  p-GaN/GaAs(001)  p-n  junction.  The  N  concentration  is 
scaled  down  for  clarity. 


Further  information  is  obtained  by  temperature  dependent  measurements.  Figure  4  shows  the 
temperature  dependence  of  the  resistivity  of  n-type  and  p-type  p-GaN  layers.  Since  the  mobility  for 
all  these  samples  is  only  weakly  depending  on  temperature,  the  slope  of  the  data  at  high  temperatures 
roughly  corresponds  to  the  activation  energy  of  the  dominating  impurity.  The  apparent  activation  energy 


Figure  4.  Arrhenius  representation  of  the  resistivity  of  one  p-type  and  two  n-type  P-GaN  layers.  The 
carrier  concentration  and  mobility  for  each  sample  are  those  measured  at  room  temperature.  The 
apparent  activation  energies  labeling  the  data  roughly  correspond  to  those  governing  the  carrier  con¬ 
centration. 


of  the  dominating  donor  (which  most  likely  is  O)  in  our  n-type  layers  is  around  30  meV,  close  to  the  value 
deduced  from  electronic  Raman  scattering  (Ramsteiner  et  al  1996).  The  apparent  activation  energy  for 
the  p-type  layer  of  170  meV  is  similar  to  values  reported  for  Mg  in  a-GaN  (Tanaka  et  al  1994,  Kim 
et  al  1996).  This  finding  shows  that  the  high  p-type  conductivities  in  these  samples  is  not  a  result  of  a 
particularly  small  activation  energy,  but  indeed  because  of  the  enhanced  hole  mobility. 

4.  Conclusion 

We  have  shown  that  the  growth  of  P-(In,Ga)N  and  the  p-type  doping  of  P-GaN  is  principally  possible. 
Both  issues,  however,  require  (and  deserve)  further  systematic  work  before  we  can  start  seriously  think¬ 
ing  about  devices  made  from  cubic  nitrides.  Particularly,  the  concept  of  codoping,  while  very  promising 
in  view  of  the  results  already  obtained,  has  to  be  made  technologically  controllable  for  exploiting  its 
potential. 
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Growth  and  Effects  of  Single-Crystalline  ZnO  Buffer  Layer 
on  GaN  Epitaxy 
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Abstract.  Single-crystaliine  ZnO  films  have  been  grown  on  c<ut  sapphire  substrates  ^  pulsed  lasa- 
deposition  (PLD)  using  a  KrF  iaser.  The  optimum  growth  conditions  are  550  ‘C  and  10  torr  02-  We 
observe  a  sharp  and  streaked  RHEED  (Reflection  High  Energy  Electron  Diffraction)  pattern  and  atomically 
smooth  surface  with  a  r.m.s.  roughness  of  only  5  A  measured  by  atomic  force  microscope. 
Photoluminescence  at  77  K  shows  a  strong  near-band.edge  peak  at  3.34  eV  with  no  deep  levei  emission. 
Two  dimensional  growth  of  GaN  by  chloride  vapor  phase  epitaxy  (VPE)  is  greatly  enhanced  compared  to 
earlier  results  using  RF-sputtered  ZnO  buffer  layers.  This  is  a  result  of  better  crystalline  stmcture,  optical 
properties  and  surface  flamess  of  the  PLD  films.  The  properties  of  the  VPE-GaN  are  strongly  dependent  on 
ZnO  layer  thickness.  The  optimum  thickness  of  ZnO  buffer  iayer  is  around  25  nm. 


1.  Introduction 

ni-V  nitride  materials  have  been  widely  studied  for  optoelectronic  device  applications  in  the  blue  and 
ultraviolet  regions.  Room  temperature  cw  laser  operation  by  current  injection  has  been  achieved  in  GaN- 
based  structures  [1].  This  structure  was  fabricated  on  a  highly  lattice  mismatched  sapphire  substrate  by 
metal  organic  chemical  vapor  deposition  (MOCVD)  with  a  dislocation  density  of  10’  cm'^.  Moreover, 
because  of  the  insulating  substrate,  a  substantial  series  resistance  between  the  active  region  and  the  n- 
type  contact  results  in  a  high  operation  voltage,  causing  heating  and  a  high  threshold  current  density. 
Among  various  growth  techniques,  chloride  vapor  phase  epitaxy  (VPE)  is  very  promising  to  obtain  thick 
GaN  films  because  of  its  high  growth  rate.  Laser  structures  grown  on  a  thick  VPE-GaN  “substrate” 
would  have  better  crystallinity  and  lower  series  resistance  than  heterepitaxial  growth  on  sapphire. 

Because  the  physical  properties  of  ZnO  are  similar  to  those  of  GaN,  ZnO  is  a  good  buffer  layer  for 
GaN  growth.  With  a  lattice  mismatch  less  than  2%  between  ZnO  and  GaN,  GaN  grown  on  ZhO  buffer 
layers  should  have  better  surface  morphology  and  lower  dislocation  densities  than  GaN  grown  directly 
on  sapphire  substrates.  The  other  advantage  of  a  ZnO  buffer  layer  is  the  possibility  of  fabricating  GaN 
substrates  by  etching  away  the  ZnO  layer  since  ZnO  can  easily  be  etched  by  any  acid  and  bulk  GaN  is 
extremely  hard  to  produce.  One  of  the  most  successful  thick  GaN  films  was  grown  by  vapor  phase 
epitaxy  (VPE)  on  a  sputtered  21nO  buffer  layer  on  a  sapphire  substrate  [2].  However,  the  sputtered  ZnO 
layer  was  polycrystalline  and  the  effects  of  the  growth  condition  and  thickness  of  ZnO  buffer  layers  on 
the  growth  of  GaN  were  not  fuUy  examined.  In  order  to  achieve  high  quality  GaN,  it  is  important  to 
optimize  the  growth  and  study  the  properties  of  the  ZnO  buffer  layer. 

In  this  paper,  we  report  growth  of  single-crystalline  ZnO  films  with  excellent  structural  and  optical 
properties  on  c-cut  sapphire  substrates  by  pulsed  laser  deposition  (PLD).  The  properties  of  ZnO  films  are 
characterized  by  X-ray  diffraction  (20,  co,  (j)  scans),  reflection  high  energy  electron  diffraction  (RHEED), 
photoluminescence  (PL),  and  atomic  force  microscope  (AFM).  Ihe  strong  dependence  of  ^O  buffer 
layer  thickness  on  the  properties  of  GaN  grown  by  chloride  vapor  phase  epitaxy  (VPE)  will  also  be 
discussed. 
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2.  Experimental 

ZnO  films  were  deposited  on  c-cut  sapphire  substrates  using  a  pulsed  laser  deposition  (PLD) 
apparatus  described  previously  [3].  A  KrF  excimer  laser  operating  at  a  wavelength  of  248  nm,  a  pulse 
duration  of  20  ns  and  a  laser  fluence  of  3  J/cm^  was  used.  The  laser  repetition  rate  was  5  Hz  and  the 
target-substrate  distance  was  5  cm.  ZnO  films  were  grown  under  an  oxygen  partial  pressure  of  0.^1  torr 
and  the  background  pressure  of  the  system  before  the  introduction  of  oxygen  gas  was  usually  10'*  Torr. 
Targets  were  prepared  by  pressing  powders  of  99.999%  purity  and  sintering  at  1100  °C  for  three 
hours.  After  deposition,  the  substrates  were  cooled  slowly  to  room  temperature  at  a  rate  of  5  °C/min. 
under  1  torr  oxygen. 

We  employed  a  chloride  VPE  system  to  grow  thick  GaN  layers  using  GaCls  and  NH3  as  source 
materials  as  described  previously  [4],  using  nitrogen  as  a  carrier  gas.  A  notable  feature  of  our  system 
was  that  the  gallium  supply  was  precisely  control!^  by  the  temperature  of  the  GaCls  ceU  and  the  nitrogen 
flow  rate  for  the  cell.  The  system  was  simpler  than  a  conventional  hydride  VPE  system  in  which  GaCl 
(prepared  by  reaction  of  liquid  Ga  and  HCl)  is  used  as  the  Ga  source.  The  growth  was  carried  out  at 
1000  °C  with  a  (NHj/GaClj)  ratio  of  500.  The  growth  rate  was  approximately  6  |itn/hr.  To  prevent 
thermal  desorption  of  the  buffer  layer,  the  growth  was  immediately  started  after  the  substrate 
temperature  reached  the  growth  temperature. 


3.  Material  Characteristics 
3.J  ZnO  Buffer  Layer 

X-ray  diffraction  and  RHEED  studies  were  used  to  investigate  the  nature  of  the  epitaxial  growth  and 
crystalline  quality  of  the  film.  At  the  growth  temperatures  between  350-650  °C  and  0.01  Torr  O2,  ZnO 
films  grown  on  (0001)  sapphire  substrates  show  (000c)  peaks  from  x-ray  20  scans.  There  are  only  six 
peaks  observed  in  the  x-ray  (()  scan  of  ZnO  (10-12)  with  60  degree  spacing,  indicating  single  crystalline 
growth  despite  high  lattice  mismatch  between  ZnO  and  sapphire.  The  epitaxial  relationships  are 
Zn0[0001]//Al203[0001]  and  Zn0[10-I0]//Al203[[ll-20].  The  optimum  growth  temperature  is  550  °C 
with  a  FWHM  of  ZnO  ((1002)  peak  of  0.35°  from  x-ray  rocking  curve  scans. 
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In  situ  RHEED  patterns  are  taken  along  <21 10>  azimuth  of  ZnO  films  pown  at  0.01  torr  Ch  and 
various  substrate  ter^peratures.  The  RHEED  gun  operates  at  14  KV  and  .  jrowA 

temnerature  of  350  °C,  a  streaky  pattern  with  a  regular  array  of  elongated  spots  mdicates  that  the 
tran^ission  pattern  appears  superimposed  on  the  reflection  pattern  ^ig.  la).  The  transmission  patfe™ 
shown  by  RHEED  is  due  to  the  surface  roughness  of  the  film,  which  may  occur  if  the  film  is  grown  in  a 
Stranski-Krastanov  or  Volmer-Weber  mode.  Another  reason  for  surface  rou^ness  may  be  peculate 
on  the  films  which  are  produced  by  ablating  targets  during  growth  If  the  surface  roughness 
the  RHEED  becomes  a  regular  array  of  spots  from  transmission  the  peaked  regions  For 

films  grown  at  temperatures  lower  than  350  °C,  extra  spots  graduaUy  develop, 
polycrystalline.  As  the  growth  temperature  increases  to  550  C,  a 

pattern  is  observed ,  indicating  good  crystaUinity  and  atomically  smooth  surface  (Fig.  lb)  We  observe 
Hkuchi  lines  on  the  RHEED  screen  which  may  not  be  successfully  shown  on  the  graph  due  to  the  low 
resolution  of  the  imaging  process.  The  quality  of  the  pattern  is  comparable  with  that  of  MBE-grown  /nU 
film  and  is  much  better  than  those  grown  by  other  techniques. 


Surface  roughness  of  ZnO  films  was  examined  by  scanning  electron  microscope  (SEM)  and  atomic 
force  microscope(AFM).  From  SEM,  the  topography  of  ZnO  films  is  featureless  with  very  few 
particulates.  By  contact-mode  AFM,  the  films  are  very  smooth  with  only  several  monolayers  of 
roughness  (c=5.2065  A  for  ZnO).  ZnO  film  grown  at  550  °C  shows  a  r.m.s  roughness  of  5  A  one  ot 
the  smoothest  ZnO  film  reported  by  any  growth  techmque  (Fig.  Id).  TstO  films  grown  at  350  C^ig. 
Ic)  have  higher  r.m.s.  roughness  than  5ie  film  grown  at  550  °C.  This  result  agrees  with  the  RHEED 
observation.  At  low  growSi  temperature,  atoms  arriving  at  the  substrate  surface  may  not  have  ^^^8" 
kinetic  energy  to  move  around  before  the  next  atoms  arrive.  Thus,  island  growth  dominates,  which 
results  in  a  rougher  surface  of  the  film.  This  is  the  main  reason  that  the  RHEED  pa^m  for  low 
temperature  grown  ZnO  shows  a  regular  array  of  elongated  spots.  With  the  capability  of  in  situ 
monitoring  of  the  growth  in  the  PIT)  system  by  RHEED,  we  are  able  to  study  the  crystallimty, 
roughness  and  kinetics  of  growth  of  freshly  grown  surfaces. 


DhiMnn  PnArnu  (a\/) 


Figure  2  shows  the  photoluminescence 
(PL)  spectrum  of  ZnO  grown  at  550  °C. 
The  film  is  excited  by  He-Cd  laser  (K=  325 
nm)  at  77  K.  A  strong  near  band  edge  peak 
at  3.34  eV  is  observed.  This  has  been 
previously  attributed  to  the  annihilation  of 
bound  excitons  in  ZnO  [5].  Deep  level 
emission,  which  usually  originates  from 
crystal  defects  or  impurities,  is  not 
detectable. 


3.2  Effect  of  Buffer  Layer  Thickness 


Wavelength  (nm) 


We  deposited  different  thicknesses  of  buffer  layers  on  c-cut  sapphire  substrates  at  550  °C  and  10  ^ 
torr,  the  optimum  growth  conditions  as  described  above.  Single  crystalline  GaN  films  were  grown  on 
ZnO  buffer  layers  by  vapor  phase  epitaxy.  The  thickness  of  GaN  is  around  1.5  ^im.  Crystallinity  was 
verified  by  x-ray  (20,  ()))  scans.  Two  dimensional  lateral  growth  of  GaN  is  greatly  enhanced  on  a  single 
crystalline  ZnO  buffer  layer  (Fig.  3).  With  ZnO  buffer  layer  thickness  around  25  nm,  the  surface  of 
GaN  film  is  relatively  flat  and  featureless  by  scanning  electron  microscope.  However,  a  GaN  film 
grown  on  a  200-nm  thick  buffer  layer  exhibits  cracks  and  peeling,  which  may  be  improved  by 
optimizing  the  cooling  rate.  In  addition  to  better  surface  smoothness  achieved  by  employing  a  ZriO 
buffer  layer  around  25  nm,  the  FWHM  of  x-ray  rocking  curve  of  GaN  (0002)  is  reduced  to  0.35  while 
the  peak  width  of  GaN  film  without  ZnO  buffer  layer  is  three  times  greater. 
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In  conclusion,  ZnO  buffer  layers  of  high  quality,  in  terms  of  crystalline  structure,  optical  properties 
and  surface  flatness,  have  been  grown  by  pulsed  laser  deposition.  Single  crystalline  TnO  film  with  a 
sharp  and  streaky  RHF.F.D  pattern  was  deposited  at  550  °C  and  10'  torr  62.  We  observed  atomically  flat 
surfaces  of  ZnO  films  with  a  r.m.s.  roughness  of  5  A.  These  ZnO  films  show  strong  near-band-edge 
luminescence  at  3.34  eV  with  no  deep  level  emission  by  PL  measurement  at  77  K.  Surface  morphology 
of  VPE-grown  GaN  is  greatly  improved  by  employing  a  thin  layer  of  ZnO.  Strong  dependence  of  GaN 
properties  on  ZnO  buffer  layer  thickness  is  observed  and  the  optimized  thickness  is  around  25  nm. 

This  work  was  supported  by  DARPA  through  the  Optoelectronic  Materials  Center,  contract  MDA 
972-94-1-003 
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Abstract 

Layers  of  hexagonal  GaN  were  grown  on  (1 1 1)B  GaAs  substrates  by  gas  source  molecular  beam  epitaxy  (GSMBE) 
using  hydrazine  as  a  source  of  active  nitrogen.  Nitridation  of  an  AlAs  buffer  layer  was  shown  to  produce  a  flat  layer 
of  AIN.  GaN  films  grown  on  the  AIN  surface  at  growth  temperatures  above  700°C  exhibited  quasi  two-dimensional 
growth.  Photoluminescence  spectra  of  such  GaN  layers  show  narrow  band-edge  emission  and  no  “yellow”  defect 
band. 


1.  Introduction 

Nitridation  of  GaAs  is  used  to  nucleate  epitaxial  growth  of  GaN  and  related  compounds  on  substrates 
such  as  Si  [1].  This  process,  in  which  GaAs  is  exposed  to  a  flux  of  active  nitrogen,  must  be  carefully 
controlled  in  order  to  produce  smooth  surfaces  suitable  for  growth  [2-3].  This  is  in  contrast  to  the 
nitridation  of  AI2O3  which,  at  similar  temperatures,  appears  to  be  more  stable.  Two-dimensional  growth 
of  GaN  can  be  subsequently  obtained  only  after  a  smooth,  nitrided,  surface  is  created.  In  this  work  we 
cany  out  a  detailed  growth  investigation  of  hexagonal  GaN  on  (lll)B  oriented  GaAs  substrates.  The 
use  of  hydrazine  allows  us  to  generate  large  aetive  nitrogen  fluxes,  another  factor  important  in 
achieving  two-dimensional  growth.  We  show  that  an  intermediate  layer  of  AlAs,  nitrided  under 
appropriate  conditions,  results  in  two-dimensional  growth  of  first  AIN  and  then  GaN. 
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Nitridation  of  the  AlAs  layer  results  in  formation  of  an  AlN/GaAs  interface  which  should  be  a 
thermodynamically  stable  two-phase  system.  Solid  state  reactions  resulting  from  atomic  exchanges  at 
this  interface,  such  as  (Ga  -  As)  +  (A1  -  N)  <-»  (Ga  -  N)  +  (A1  -  As),  where  the  dashes  indicate 
chemical  bonds,  will  result  in  formation  of  a  two-phase  AlN-GaAs  system  rather  than  the  solid  solution 
ofAlxGai.xAsyNi.y[4,5]. 


2.  Results  and  discussion 

The  growth  experiments  were  performed  in  a  custom  designed  gas  source  MBE  apparatus  with  a 
hydrazine  (Hy)  source,  described  in  detail  previously  [6].  Substrate  temperatures  were  measured  using 
an  optical  pyrometer  calibrated  for  a  temperature  range  of  450“C  <  T  ^  1200°C.  Semi-insulating 
GaAs(l  1 1)B  substrates  were  employed  for  these  studies.  After  a  5  minute  degrease  in  organic  solvents 
the  substrates  were  chemically  etched  in  5:1:1  hot  mixture  of  H2S04:H202:H20  for  40  sec  followed  by 
a  3  min  rinse  in  deionized  H2O  and  then  dried  with  N2  gas.  Half  of  the  samples  were  bonded  with  In 
solder  onto  a  Mo  block,  the  others  were  mounted  using  an  In-free  holder.  The  substrates  mounted  in  In- 
ffee  holders  were  back-metallized  for  improved  heat  transfer.  The  oxide  desorption  was  carried  out  at 
(600±  10)  °C  for  5  min  under  AS4  flux. 

The  sample  preparation  and  the  growth  process  were  monitored  in-situ  using  RHEED.  A  clear 
bulk  (1x1)  RHEED  pattern  was  observed  after  thermal  desorption  of  the  surface  oxide  layer.  A  sharp 
(  VTo  X  Vl9  )  surface  reconstruction,  illustrated  in  Fig.  1 ,  was  observed  after  the  growth  of  a  thin  (~  500 
A)  GaAs  layer.  The  GaAs  epitaxial  layer  was  grown  at  a  temperature  of  Tgr-  580°C  and  a  rate  of  Vgr  ~ 
0.3  pm/h.  The  first  series  of  GaN  growth  experiments  were  carried  out  without  the  deposition  of  an 
AlAs  buffer.  The  nitridation  of  epitaxial  GaAs  was  performed  under  a  hydrazine  flux  of  Jny  ~  (1-5)  x 
10'“'  mol/cm^  sec  for  5-10  min  at  450°C.  After  nitridation,  the  Ga  shutter  was  opened  and  a  25  nm  thick 


Fig.l  <,r  19  X  ^  19)  RHEED  pattern 
along  the  [iTo]  azimuth  from  GaAs(lll)B  surface 
before  AIN  buffer  layer  growth.  T,„b,ir  =  S80°C 


Fig.2  Cross-sectional  SEM  photograph  of  GaN/Ga As(l  1 1)B 
film  grown  without  AiN  buffer  layer.  T,,  =  720°C 
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intermediate  layer  of  GaN  was  deposited  at  450-500°C,  with  a  growth  rate  of  Vgr^.l|xnVh.  The 
substrate  temperature  was  then  increased  to  (550  -  670)°C  and  GaN  films  with  thicknesses  in  the  range 
of  0.7  - 1 .0  pm  were  grown  at  Vg,-~0.3-0.4  pm/h.  In  all  of  these  experiments  the  NaHt/Ga  flux  ratio  was 
-250  [1].  In  all  cases  RHEED  patterns  obtained  on  such  GaN  films  clearly  indicated  a  three- 
dimensional  growth  mode.  Higher  growth  temperatures  are  limited  by  the  thermal  instability  of  the 
GaAs  substrate,  leading  to  very  rough  interfaces  between  GaAs  and  GaN,  see  Fig.2. 

A  second  series  of  GaN  layers  were  grown  with  an  AIN  buffer  layer.  The  buffer  layers,  with 
thicknesses  of  about  40-50  nm,  were  prepared  by  first  growing  thin  layers  of  AlAs  on  epitaxial  GaAs, 
at  Tgr  ~  580°C  and  Vgr  -  0.2  pm/h.  These  layers  were  then  nitridated  under  a  hydrazine  flux  of  ~10‘^ 
mol/cm^  sec  for  10-15  min  and  at  a  substrate  temperature  of  500-550°C.  The  nitrided  surfaces  exhibited 
a  (1  x  1)  RHEED  pattern  of  elongated  spots,  consistent  with  a  mixed  2D-3D  nature  of  the  surface.  An 
epitaxial  layer  of  AIN,  -  50nm  thick,  was  then  deposited  on  the  nitridated  AlAs  surface.  This  was  done 
at  Tgr  -  580°C  and  a  growth  rate  of  Vgr  -  300  A/h.  The  RHEED  pattern  of  this  AIN  surface,  shown  in 
Fig.3,  is  consistent  with  well-developed  two-dimensional  growth. 

GaN  layers  were  grown  on  AIN  buffers,  formed  by  a  combination  of  nitridation  and  epitaxy,  at 
temperatures  ranging  from  650-720°C  and  at  Vgr  -  0.3  -  0.4  pm/h.  The  AIN  buffer  remains  stable  at 
higher  temperatures  and  the  growth  temperature  of  GaN  can  be  increased.  RHEED  patterns  obtained  on 
GaN  surfaces,  shown  in  Fig.4,  clearly  indicate  quasi  two-dimensional  growth.  Fiuther  optimization  of 
the  N2H4/Ga  flux  ratio  appears  necessary  in  order  to  obtain  pure  2D  mode.  RHEED  patterns  obtained 
on  GaN  layers  grown  directly  on  GaAs  could  be  interpreted  in  terms  of  preferentially  oriented  three- 
dimensional  domains.  Nevertheless,  the  interfaces  between  AIN  and  GaAs  layers  are  quite  flat.  Fig.5 
shows  the  cross-sectional  SEM  image  of  a  GaN/AlN/GaAs  structure  grown  at  Tgr  -  720°C. 
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Fig.3  RHEED  pattern  of  AIN  layer  grown  on 
nitridated  AIAs/GaAs(lll)B  at  T,ubiir  ”  620°C, 
N2H4/AI  ~  500,  e  II 11120]  azimuth 


Fig.4  RHEED  pattern  of  GaN  film  grown  on 
GaAs(lll)B  surface  with  AIN  buffer  layer,  Tg,  = 
720'‘C,  NjH^/Ga  ~  250.  e  ||  |1120I  azimuth 


Fig.5  Cross-sectional  SEM  image  of  GaN/AiN/GaAs(lll)B 
structure,  T,,  of  GaN  fdm  =  720”C,  NjIVGa  ~  300 


GaN 


AIN 


GaAs 
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The  optical  properties  of  GaN  layers  were  studied  by  cathodoluminescence  (CL)  at  80K.  Fig.6 
shows  CL  spectra  for  two  of  the  GaN/GaAs(l  1 1)B  films  grown  at  550°C  and  670°C,  without  the  AIN 
buffer  layer.  The  spectra  show  the  edge  band  in  the  350-400  nm  spectral  region  and  a  prominent  broad, 
“yellow”,  band  at  X,  >  500  nm.  The  band-edge  emission  wavelength  of  ~380  nm  measured  in  samples 
grown  at  low  temperature  is  characteristic  of  cubic-structure  GaN,  consistent  with  our  previous  results 
on  GaAs(lOO)  [3].  The  band-edge  emission  wavelength  shifts  to  -360  run  in  samples  grown  at  the 
higher  temperature.  While  this  is  typical  of  hexagonal  GaN,  the  width  of  the  peak  makes  clear 
assignment  difficult  [1].  Raman  scattering  results,  not  shown  here,  also  support  the  hexagonal  structure 
identification  of  high  temperature  samples. 

The  CL  spectra  obtained  on  GaN  samples  grown  with  the  AIN  buffer  layer  at  temperatures 
lower  than  ~670°C  are  similar  to  those  shown  in  Fig.  6.  The  spectra  differed  only  in  the  lower  intensity 
of  the  “defect”  band.  The  results  obtained  for  samples  mounted  with  In  and  in  In-ffee  holders  were  very 
similar.  These  samples  were  also  investigated  using  pulsed  excitation  with  a  nitrogen  laser  operating  at 
337  nm.  The  excitation  intensity  was  adjusted  to  yield  PL  spectra  of  the  wavelength  and  width  similar 
to  those  produced  by  CL. 

The  PL  spectra  of  GaN  samples  mounted  with  In  and  grown  at  temperatures  Tgr  >  700°C  with 
the  optimized  AIN  buffer  layer  are  very  different.  Their  main  features  are  the  complete  absence  of  the 
“yellow  band”  and  very  narrow  band-edge  emission,  less  than  20  meV  at  77K,  Fig.7.  Samples  of  GaN 
grown  directly  on  GaAs,  at  temperatures  above  700‘’C,  show  much  wider  band-edge  emission  and 
strong  “yellow”  lines.  The  interpretation  of  the  data  shown  in  Fig.7  is,  however,  complicated  by  the 
non-intentional  incorporation  of  In  into  the  GaN  layer.  This  occurs  in  case  of  In-mounted  samples. 
SIMS  measurements  of  these  layers  show  that  the  In  concentration  can  be  as  high  as  5  at%  at  the 
sample’s  edge,  it  decreases  towards  the  center.  This  explains  the  red  shift  in  the  band-edge  emission 
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Fig.6.  80K  CL  spectra  of  GaN  layers  grown  on  GaAs(l  1 1)B  without  AIN  buffer  layer. 
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Fig.  7.  77K  PL  spectra  of  GaN  layers  grown  on  GaAs  (1 1 1)B  with 
AIN  buffer  layer.  The  substrate  was  bonded  with  in-solder  onto  holder. 
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shown  in  Fig.7.  We  believe  that  the  qualitative  difference  between  the  spectra  shown  in  Figs.6  and  7  is 
due  to  inclusion  of  the  AIN  buffer  layer  and  higher  growth  temperature. 

3.  Conclusion 

Wurtzite  phase  GaN  layer  were  grown  on  GaAs(l  1 1)B  substrates  by  GSMBE  using  hydrazine  as  a 
nitrogen  source.  We  demonstrate  that  nitridation  of  an  AlAs  buffer  layer  grown  on  a  clean  GaAs(l  1 1)B 
surface  provides  a  smooth  AlN/GaAs  interface  which  in  turn  promotes  two-dimensional  growth  of 
AIN.  The  presence  of  this  buffer  layer  permits  the  use  of  higher  growth  temperatures,  up  to  720°C. 
Epitaxial  layers  of  GaN  grown  with  the  AIN  buffer  layer  show  quasi  two-dimensional  growth.  The  PL 
spectra  of  the  layers  grown  above  700°C  show  narrow  band-edge  emission  and  a  complete  absence  of 
the  “yellow”  defect  band. 
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Demonstration  of  a  GaAs-Based  Compliant  Substrate  Using  Wafer 
Bonding  and  Substrate  Removal  Techniques 

C.  Zhang,  D.  I.  Lubyshev,  W.  Cai,  J.  E.  Neal,  D.  L.  Miller,  and  T.  S.  Mayer 
Electronic  Materials  and  Processing  Research  Laboratory,  Department  of  Electrical  Engineering, 

The  Pennsylvania  State  University,  University  Park,  PA  16802 

Abstract:  A  GaAs-based  compliant  substrate  that  uses  an  intermediate  AlGaAs-oxide  layer  to  separate  thin  150  A  - 
1000  A  GaAs  compliant  layers  from  a  GaAs  host  substrate  is  described.  The  compliant  substrates  and  epitaxial  layers 
of  lattice-mismatched  Inj,  i5Gao  gjAs  were  studied  using  atomic  force  microscopy  and  double-crystal  x-ray  diffraction. 
The  surface  morphology  of  the  1000  A  compliant  substrate  prior  to  growth  had  an  mis  and  peak-to-peak  roughness  of 
10  A  and  100  A,  Following  growth  of  3000  A  liio  .sGaossAs  the  root  mean  square  (rms)  roughness  increased  to  50  A 
and  slip  lines  were  observed  in  the  (1 10)  direction.  A  comparison  of  lattice-matched  p^-n  junction  diodes  grown  on  a 
substrate  with  a  1000  A  compliant  layer  and  a  standard  GaAs  substrate  revealed  similar  dark  current-voltage 
characteristics,  which  demonstrate  the  high  quality  of  the  compliant  substrate. 


1.  Introduction 

Traditionally,  the  growth  of  lattice-mismatched  materials  has  relied  on  compositionally  graded  buffer 
layers  to  relieve  strain  due  to  the  lattice  mismatch  between  the  thick  substrate  and  the  epitaxial  layers  [1]. 
Unfortunately,  these  graded  buffers  are  not  completely  effective  in  eliminating  threading  dislocations  in 
the  active  device  layers,  which  results  in  a  degradation  of  device  performance  [2].  Calculations  by  Lo  et. 
al.  suggest  that  thin  (<  1000  A)  free-standing  substrates  can  be  used  to  increase  the  critical  thickness  of  a 
mismatched  overlayer  [3].  In  this  case,  the  thin  substrate  can  relax  before  the  epitaxial  layer  relaxes, 
which  allows  the  growth  of  active  device  layers  having  low  dislocation  density.  One  approach  that  has 
been  used  by  Ejeckam  et.  al.  to  fabricate  pseudo-free  standing  substrates  is  based  on  a  so-called  twist 
bond  that  is  formed  between  a  thin  GaAs  compliant  layer  and  a  GaAs  substrate  when  the  compliant  layer 
is  misoriented  relative  to  the  substrate  [4],  This  approach  forms  uniformly  spaced,  weakly  bonded  areas 
that  permit  the  substrate  to  conform  to  fte  growing  epitaxial  layers.  In  this  paper,  we  demonstrate  an 
alternate  approach  to  fabricating  compliant  substrates  that  is  based  on  separating  the  top  GaAs  compliant 
layer  from  the  GaAs  host  substrate  by  an  intermediate  oxide  layer  formed  by  the  wet  oxidation  of 
Alo  gGa^  [As.  Previous  work  using  silicon-on-insulator  structures  suggests  that  the  use  of  such  oxide 
layers  decreases  the  interaction  between  the  compliant  layer  and  the  host  substrate  and  can  provide 
increased  flexibility  of  the  compliant  layer  [5].  The  procedure  used  to  prepare  a  GaAs-based  compliant 
substrate  with  an  intermediate  oxide  layer  is  described,  and  the  results  of  lattice-matched  and  lattice- 
mismatched  growth  of  GaAs  and  InGaAs  epitaxial  layers  on  the  compliant  substrates  are  presented. 

2.  Substrate  Preparation  and  Characterization 

The  substrates  investigated  in  this  work  contained  a  thin  GaAs  compliant  layer  that  was  separated  from  a 
GaAs  host  substrate  by  an  intermediate  AlGaAs-oxide  layer.  The  samples  used  to  form  the  host 
substrate,  the  AlGaAs-oxide  layer,  and  the  upper  thin  compliant  GaAs  layer  were  grown  by  molecular 
beam  epitaxy  (MBE)  on  (100)  semi-insulating  GaAs  substrates.  The  structures  consisted  of  a  1000  A 
GaAs  buffer  layer,  a  1000  A  Al„  ^Ga,,  ,As  layer,  and  GaAs  layers  that  were  either  150  A  or  1000  A  thick. 
Following  the  growth,  the  top  GaAs  layer  was  removed  from  half  of  each  sample  and  the  KXX)  A 
AIq  ,Gao  ,As  layer  was  oxidized  in  water  vapor  at  425°C  for  10  minutes.  It  has  been  demonstrated 
previously  that  under  these  oxidation  conditions  Alo  ^GUo  (As  forms  a  stable  phase  of  y-AljOj  [6].  This 
intermediate  layer  was  chosen  primarily  for  its  ease  of  wafer  bonding  to  GaAs  epitaxial  layers  and  the 
relatively  porous  nature  of  the  oxide  [6].  The  thin  150  A  or  1000  A  GaAs  layer  on  the  remaining  portion 
of  each  sample  was  wafer  bonded  at  room  temperature  to  the  AlGaAs-oxide  layer  after  cleaning  and 
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drying  the  AlGaAs-oxide  and  GaAs  surfaces.  To 
strengthen  the  room  temperature  bond,  the  samples 
were  annealed  in  a  nitrogen  ambient  at  SOO'C  for 
20  minutes.  After  forming  a  strong  bond  between 
;  the  thin  GaAs  and  AlGaAs-oxide  layers,  the 

'i  topmost  GaAs  substrate  and  buffer  layer  were 

removed  by  mechanical  polishing  and  wet 
chemical  etching  in  a  citric  acid  solution,  which 
stops  abruptly  on  the  1000  A  Alo  ^Gao  [As  layer 
(a)  0'  '0  [7].  Compliant  substrates  of  1  x  1  cm^  were 

obtained  using  this  method.  Prior  to  loading  the 
A  samples  into  the  MBE,  the  Alo  ^Gao  ,As  layer  was 

removed  in  buffered  oxide  etch  leaving  only  the 
[oofl,  thin  GaAs  compliant  layer  supported  on  the 

AlGaAs  oxide  and  host  substrate. 

^°°  The  surface  morphology  of  the  AlGaAs- 

oxide  layer  prior  to  wafer  bonding  and  the  surface 
of  the  1000  A  and  150  A  compliant  layers 
following  the  GaAs  substrate  and  Al^  ^Ga,,  [As  etch 
stop  removal  were  studied  by  atomic  force 
microscopy  (AFM)  using  a  Park  Scientific 

Autoprobe  M5  AFM.  Typical  1x1  fim^  images 
of  the  AlGaAs  oxide  layer  and  the  completed  1000 

c-  1  Arm*  •„  c.u  /  %  A  j  1  j  A  compliant  substrate  prior  to  MBE  growth  are 
Fig.  1.  AFM  images  of  the  (a)  AlGaAs-oxide  layer  and  ,  ^  s  As  -r-.  .  a 

the  (b)  completed  1000  A  compliant  substrate  shown  in  Fig.  1  (a)-(b).  The  AIGaAs-oxide 
prior  to  growth.  layer  was  very  smooth,  having  a  root  mean  square 

(rms)  and  pieak-to-peak  roughness  of 

approximately  6  A  and  30  A.  Large  area  images  of  this  sample  also  indicated  a  very  uniform  surface 

morphology  with  no  large  peaks  or  valleys  in  the  AlGaAs-oxide  layer.  The  smooth,  uniform  surface 

morphology  of  the  AlGaAs-oxide  layer  facilitated  a  wafer  bond  between  the  oxide  and  GaAs  layers  that 
was  able  to  withstand  subsequent  mechanical  and  chemical  wafer  thinning.  Following  compliant 
substrate  preparation,  the  sample  with  a  1000  A  compliant  GaAs  layer  had  an  rms  roughness  less  than 
10  A  with  isolated  peaks  that  were  85-100  A  tall  distributed  across  the  surface.  We  believe  that  these  tall 
peaks  are  a  result  of  the  incomplete  removal  of  the  Al,,  pGa^  [As  etch  stop  layer,  which  may  be  eliminated 
by  reducing  the  aluminum  molar  fraction  of  the  etch  stop  layer.  These  tall  features  were  also  observed  on 
samples  prepared  using  a  GaAs-to-GaAs  direct  wafer  bond  and  were  not  a  result  of  the  intermediate 
oxide  layer.  In  contrast,  the  sample  with  a  150  A  compliant  GaAs  layer  had  an  rms  and  peak-to-peak 
roughness  of  50  A  and  250  A.  A  visual  inspection  of  the  surface  using  an  optical  microscope  revealed 
that  the  thin  150  A  GaAs  compliant  layer  was  discontinuous,  which  resulted  in  the  increased  surface 
roughness.  This  represents  a  limitation  in  the  thickness  of  the  compliant  layer  that  can  be  obtained  using 
the  intermediate  AlGaAs  oxide  layer  described  here.  By  optimizing  the  oxidation  procedure,  it  may  be 
possible  to  obtain  smoother  AlGaAs  oxide  surfaces  and  thinner  compliant  layers. 


3.  Epitaxial  Growth  and  Device  Characterization 

In  order  to  assess  the  quality  of  the  compliant  substrates,  a  lattice-matched  GaAs  p*-n  diode  was  grown 
on  the  compliant  substrate  with  a  1000  A  GaAs  layer  and  compared  to  an  identical  device  grown  on  a 
standard  GaAs  substrate.  The  structure  consisted  of  a  1.0  pm  n*-GaAs  layer,  a  1.5  pm  n-GaAs  layer, 
and  a  0.5  pm  p*-GaAs  contact  layer.  Devices  with  active  areas  of  100  x  100  pm^  were  fabricated  using 
a  standard  mesa-isolated  process.  Ohmic  contacts  were  formed  to  the  top  p*-GaAs  layer  using  Ti/PVAu 
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Fig,  2.  Typical  dark  I-V  characterstics  of  GaAs  diodes 
fabricated  on  a  1000  A  compliant  substrate  and 
a  standard  GaAs  substrate. 


Fig.  3.  AFM  image  of  a  1000  A  compliant  substrate 
following  the  growth  of  3000  A  of 
Iiiq  25GaQ85As. 


and  to  the  bottom  n^-GaAs  layer  using  alloyed  Ni/AuGe.  The  successful  fabrication  of  the  mesa-isolated 
diode  demonstrates  that  the  GaAs-AlGaAs  oxide  compliant  substrate  is  robust  and  is  able  to  withstand 
extensive  post-processing.  Typical  dark  forward  current-voltage  (I-V)  characteristics  of  diodes 
fabricated  on  the  compliant  and  standard  GaAs  substrates  are  shown  in  Fig.  2.  The  diode  on  the 
standard  GaAs  substrate  had  ideal  n  =  1  characteristics  over  the  measured  voltage  range,  while  the  diode 
on  the  GaAs  compliant  substrate  demonstrated  non-ideal  n  =  2  characteristics  at  low  forward  biases  with 
n  =  1  characteristics  dominating  at  high  forward  biases.  This  non-ideal  n  =  2  current  component  is 
typically  attributed  to  recombination  in  the  bulk  space-charge  region  of  the  diode,  and  may  be  a  result  of 
the  rougher  surface  morphology  of  the  starting  compliant  substrate.  Although  non-ideal  behavior  was 
observed  for  the  diodes  fabricated  on  the  compliant  substrate,  the  value  of  the  current  was  comparable  to 
that  of  the  diode  grown  on  the  standard  substrate  indicating  the  high  quality  of  the  compliant  substrate. 

To  study  the  growth  of  lattice  mismatched  materials,  3000  A  of  In,)  ^Ga^  gsAs  (1%  lattice 
mismatch)  was  deposited  by  MBE  on  1000  A  and  150  A  compliant  substrates  as  well  as  on  a  standard 
GaAs  substrate.  The  substrate  temperature  during  the  growth  of  the  In^  jjGa,,  gjAs  layer  was  450°C. 
The  surface  morphology  of  the  In^  ,5Gao  gjAs  layers  grown  on  a  1000  A  compliant  substrate  is  shown  in 
Fig.  3.  The  sample  with  a  1000  A  compliant  GaAs  layer  had  an  rms  roughness  less  than  50  A,  with  slip 
lines  spaced  an  average  of  0.7  fim  apart  along  the  (1 10)  direction.  The  sample  with  a  150  A  compliant 
GaAs  layer  had  a  much  rougher  surface  morphology  with  an  rms  and  peak-to-peak  roughness  of  130  A 
and  650  A.  In  this  case,  no  slip  lines  were  observed.  This  can  be  attributed  to  the  poor  starting  surface 
of  the  compliant  substrate.  Double  crystal  x-ray  diffraction  measurements  of  these  samples  yielded  a 
FWHM  of  approximately  900  arc-sec  with  no  discernible  peak-shift  between  the  layers  deposited  on  the 
KKX)  A  compliant  substrate  and  the  standard  GaAs  substrate. 

Lattice-mismatched  lUg  ^gGa,,  g^As  p-i-n  diodes  were  also  grown  on  a  1000  A  compliant  substrate. 
The  structure  consisted  of  a  0.7  /im  n*-  Ing  2oGa„  soAs  layer,  a  1  i*m  undoped  lUg  joGa^  gi^s  layer,  and  a 
1500  A  pMug  joGag  ggAs  contact  layer.  Diodes  were  fabricated  using  the  mesa-isolated  process 
described  previously.  The  forward  and  reverse  dark  I-V  characteristics  of  a  typical  100  x  100  /<m^ 
device  is  shown  in  Fig.  4.  Although  the  dark  currents  are  substantially  higher  than  those  calculated 
theoretically  for  dislocation-free  material  [8],  the  diodes  demonstrated  a  rectifying  behavior.  The  high 
dark  current  and  soft  reverse  breakdown  voltage  suggests  that  there  is  still  a  relatively  high  density  of 
dislocations  present  in  the  active  device  layers.  It  has  been  demonstrated  for  the  growth  of 
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layers  on 

substrates  that  the  critical  thickness  of  lattice 
mismatched  materials  is  reduced  dramatically 
when  the  layers  are  deposited  on  intentionally 
roughened  surfaces  [9].  Therefore,  the  rough 
surface  morphology  of  the  starting  GaAs-based 
compliant  substrate  may  also  degrade  the  quality 
of  the  lattice-mismatched  material  by  limiting  the 
critical  thickness  of  the  In^  juGa^  g^As  epitaxial 
layers. 

4.  Conclusions 

In  this  paper,  we  describe  the  fabrication  of  a 
GaAs-based  compliant  substrate  that  uses  an 
intermediate  AlGaAs-oxide  layer  to  separate  thin 
150  A-1000  A  GaAs  compliant  layers  from  a 
GaAs  host  substrate.  Prior  to  growth,  the  rms 
roughness  of  the  substrate  with  a  1000  A 
compliant  layer  was  less  than  10  A  with  isolated 
peaks  that  were  85-100  A  tall.  We  attribute  the 
tall  peaks  to  the  incomplete  removal  of  the  AlGaAs  etch  stop  layer,  which  may  be  eliminated  by  reducing 
the  aluminum  molar  fraction  in  the  etch  stop  layer.  The  thinner  150  A  compliant  layer  was 
discontinuous,  resulting  in  a  surface  with  an  rms  roughness  of  approximately  50  A.  A  comparison  of 
lattice-matched  p*-n  junction  diodes  grown  on  a  substrate  with  a  1000  A  compliant  layer  and  a  standard 
GaAs  substrate  revealed  similar  dark  I-V  characteristics,  which  demonstrate  the  high  quality  of  the 
compliant  substrate.  The  fabrication  of  these  devices  confirms  that  the  compliant  substrate  is  robust  and 
is  able  to  withstand  extensive  post-processing.  The  growth  of  3000  A  of  In(,  ^Ga^  gjAs  on  the  substrate 
with  a  1000  A  compliant  layer  resulted  in  a  surface  with  an  rms  roughness  of  50  A  that  contained  slip 
lines  in  the  (110)  direction.  Lattice-mismatched  In^  P"'""  diodes  grown  on  the  1000  A 

compliant  substrate  were  rectifying,  however,  the  magnitude  of  the  dark  current  suggests  the  presence  of 
electrically  active  dislocations  in  the  active  layers.  Further  improvement  in  quality  of  the  lattice-matched 
and  lattice-mismatched  epitaxial  layers  may  be  obtained  by  improving  the  surface  morphology  of  the 
starting  compliant  substrate. 


Fig.  4. 


Typical  dark  I-V  characterstics  of  Ino  2„Ga„8oAs 
diodes  fabricated  on  a  1000  A  compliant 
substrate. 
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Abstract.  InSb  epitaxial  layers  with  approximately  15%  lattice  mismatched  to  GaAs  were  grown  on  a 
conventional  GaAs  substrate  and  compliant  universal  (CU)  substrates  using  various  sacrificial  layers. 
Transmission  electron  microscopy  studies  showed  dislocation  free  InSb  films  grown  on  the  CU  substrate 
using  the  AlGaAs  sacrificial  layer,  whereas  the  InSb  films  on  the  normal  GaAs  substrate  and  the  CU 
substrate  with  the  InGaP  sacrificial  layer  exhibited  dislocation  densities  as  high  as  10"  cm^  Reciprocal 
space  maps  of  the  (004)  peak  for  the  dislocation  free  InSb  layer  revealed  a  large  mosaic  spread  of  -0.25°. 
Using  atomic  force  microscopy  on  tbe  dislocation  free  InSb  layer,  the  mosaic  spread  was  found  to  be 
generated  by  a  periodic  surface  undulation  with  a  three  micron  period  and  700A  amplitude. 


Introduction 

Typical  growth  of  semiconductors  has  been  restricted  to  growth  on  only  a  few  binary  substrates 
due  to  strain  caused  by  the  lattice  mismatch  present  between  the  epilayer  and  the  substrate.  This  strain 
must  be  contained  in  the  thin  film  since  the  total  energy  in  either  layer  increases  with  the  thickness  of 
the  layer.  Growth  in  which  all  the  total  misfit  is  accommodated  by  strain  in  the  thin  film  is  termed 
pseudomorphic.[l]  A  commonly  accepted  thickness  limit  to  pseudomorphic  growth  is  the  Matthews- 
Blakeslee  critical  thickness.  [2]  In  this  process,  the  lattice  constant  of  the  thin  film  will  relax  to  the  bulk 
value  generating  dislocations  and  point  defects  when  grown  beyond  the  critical  thickness. 

If  the  layer  could  be  uncoupled  from  the  substrate,  the  strain  energy  of  the  film  would  not 
increase  with  thickness  and  high  quality  growth  would  occur  independent  of  film  thickness.  A 
substrate  capable  of  allowing  growth  beyond  the  pseudomorphic  limit  has  been  termed  a  compliant 
substrate.[3]  Recently  Ejeckam  et.  al.[4]  produced  a  compliant  universal  (CU)  substrate  using  a  twist 
bonding  technology.  Using  MBE,  the  ability  to  grow  highly  lattice  mismatched  (>14%),  dislocation 
free  materials[5]  on  a  CU  substrate  has  been  demonstrated.  It  is  necessary  to  carefully  characterize 
both  the  starting  and  final  materials  involved  in  the  creation  of  the  CU  substrate. 

Originally,  two  different  materials  were  used  for  the  sacrificial  layer  in  the  process  of  creating 
the  CU  substrate.  The  dislocation-free  InSb  was  grown  on  a  compliant  substrate  that  had  been  formed 
using  AlGaAs  sacrificial  layers.  In  this  work,  we  compare  and  analyze  the  CU  substrate,  the  sacrificial 
layers,  and  the  final  InSb  epitaxial  layer. 

Experimental 

Growth  was  carried  out  in  a  Varian  Gen  n  solid  source  molecular  beam  epitaxy  system  on  two 
different  types  of  substrates  under  nominally  the  same  conditions.  The  normal  substrate  was  a 
nominally  on-axis,  semi-insulating  epi-ready  GaAs  substrate.  The  second  type  of  substrate,  the  CU 
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Step  1: 
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GaAs  (a) 
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Step  4: 

Selectively  remove 
the  sacrificial  layer 
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GaAb(b)  ^  J| 

Figure  1.  Process  for  creating  a  Compliant  Universal  Substrate 

substrate,  was  created  as  shown  in  Figure  1.  Two  different  materials,  Inj^Ga,,  ,?  and  Al„,Ga„  ,As  were 
used  for  the  1  pm  thick  sacrificial  layers.  The  compliant  layer  was  GaAs  of  less  than  lOOA.  The  twist 
bonding  process  was  initially  performed  at  temperatures  up  to  565°C  for  approximately  one  hour.  The 
GaAs(a)  was  then  selectively  removed.  The  quality  of  the  CU  substrate  was  monitored  using  high 
resolution  x-ray  diffraction  (HRXRD)  reciprocal  space  maps  (RSM)  of  the  sacrificial  layers.  The 
sacrificial  layer  was  then  chemically  removed  using  HCL  acid.  The  normal  and  CU  substrates  were 
indium  bonded  to  a  three  inch  silicon  wafer  prior  to  growth.  All  substrates  were  outgassed  at  200°C  for 
20  minutes  prior  to  introduction  to  the  growth  chamber.  Growth  was  performed  using  a  cracked  Sb 
source  with  a  cracker  temperature  believed  to  produce  monomeric  Sb  at  an  overpressure  of  1x10  ''  torr. 
The  InSb  growth  rate  was  ~1.8  A/sec  for  a  total  thickness  of  ~6500A  for  all  samples. 

After  growth,  the  film  was  analyzed  by  HRXRD  using  a  Philips  MRD;HR  system  with  a  4 
crystal  monochromator  and  a  triple  crystal  detector.  Atomic  force  microscopy  (AFM)  was  also 
performed  on  the  samples  after  growth  to  study  the  surface  morphology  of  the  films.  A  Digital 
Instruments  Multimode  AFM  in  tapping  mode®  was  used  for  all  measurements. 

Results  and  Discussion 

The  InSb  film  grown  on  the  CU  substrate  using  the  AlGaAs  sacrificial  layer  had  a  nearly 
specular  surface  typical  of  high  quality  growth.  The  growth  of  InSb  on  the  normal  substrate  and  the 
CU  substrate  with  the  InGaP  sacrificial  layer  produced  a  visually  hazy  surface  typical  of  growth 
beyond  the  pseudomorphic  limit. 

Transmission  electron  microscopy  (TEM)  of  the  InSb  grown  on  a  normal  substrate  and  the  CU 
substrate  with  the  InGaP  sacrificial  layer  found  a  high  density  of  dislocations  (>10'‘  cm'^)  due  to  the 
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(a)  (b)  (c) 

Figure  2.  AFM  image  of  MBE  grown  InSb  on 

(a)  CU  substrate  with  InGaP  Sacrificial  Layer 

(b)  CU  substrate  with  AIGaAs  Sacrificial  Layer 

(c)  Normal  GaAs  Substrate 

large  lattice  mismatch.  Extensive  TEM  of  the  InSb  grown  on  the  CU  substrate  with  the  AIGaAs 
sacrificial  layer  found  no  dislocation  (<  10*^  dislocations/cm^).  [5,6] 

The  HRXRD  reciprocal  space  map  (RSM)  showed  that  the  peak  was  spread  only  0.1°  in  the 
coupled  fJ/29  direction,  but  had  a  full  width  half  maximum  (FWHM)  of  -0.25°  in  the  O  direction. 

This  large  spread  in  the  fl  direction  indicates  a  mosaic  tilt  in  the  crystal  of  0.25°.  AFM  was  performed 
on  the  InSb  growth  on  the  CU  substrate  (Figure  2b).  As  can  be  seen  from  this  micrograph,  a  rolling 
surface  is  observed.  This  surface  has  variations  in  height  of  ~700A  which  occur  in  nearly  3pm  periods. 

Steps  were  clearly  observable  for  the  InSb  growth  on  normal  GaAs.  Since  no  steps  were 
observed  with  AFM  on  the  CU  growth  using  the  AIGaAs  sacrificial  layer,  the  surface  undulation  is 
believed  to  result  from  the  bending  in  the  thin  InSb  layer.  When  the  surface  height  variation  is 
approximated  with  a  periodic  function  the  mosaic  spread  is  calculated  to  be  0.29°  which  is  consistent 
with  the  HRXRD  analysis. 

The  TEM  and  AFM  results  clearly  indicate  that  the  CU  substrates  created  using  the  InGaP 
sacrificial  layer  failed.  The  plate-like  features  seen  in  Figure  2a  revealed  that  the  InSb  layer  had 
registered  the  40°  rotation  of  the  thin  compliant  layer.  In  addition,  electron  diffraction  analysis  showed 
that  both  InSb  films  grown  on  CU  substrates  had  the  orientation  of  the  thin  twist  bonded  layer  (  -40° 
rotation).  HRXRD  RSM  were  taken  immediately  following  layer  growth  (Figure  1,  step  1)  and  prior  to 
removing  the  sacrificial  layer  (Figure  1 ,  step  3).  The  data  from  the  AIGaAs  sacrificial  layer  appears 
exactly  the  same  before  and  after  twist  bonding.  However,  as  shown  in  Figure  3,  the  InGaP  sacrificial 
layer  quality  was  noticeably  reduced  during  the  bonding  process.  It  is  expected  that  this  also  damaged 
the  thin  compliant  layer  resulting  in  the  failure  of  the  CU  substrate  when  the  InGaP  sacrificial  layer  is 
used.  Lower  bonding  temperatures  were  used  in  an  effort  to  preserve  the  layer  quality.  Although,  the 
lower  temperatures  reduced  the  damage,  a  method  has  not  yet  been  found  that  will  allow  the  InGaP  to 
be  used  as  the  sacrificial  layer  in  the  process  needed  to  create  the  CU  substrate. 

With  the  lack  of  observed  dislocations,  the  >10%  height  variation  in  the  epilayer,  and  the  lack 
of  observable  terrace  features,  we  believe  that  voids  must  form  between  the  epilayer  and  the  CU 
substrate.  At  this  time,  the  observed  interface  roughness  at  the  growth  interface  is  not  large  enough  to 
account  for  the  InSb  surface  height  variation.  We  are  currently  performing  cross-sectional  studies  to 
analyze  this  further. 
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(a)  (b)  (c) 

Figure  3.  HRXRD  -  RSM  of  InGaP  sacriRcial  layers  before  bonding  (top)  and 
after  bonding  at  the  different  temperatures  of  (a)  565°C,  (b)  505°C,  and  (c)  415°C 
Intensity  scaled  by  (a)  x20,  (b)  x9,  and  (c)  x7  relative  to  before  bonding 


Conclusions 

We  have  successfully  grown  dislocation  free  InSb  on  a  CU  substrate  when  using  AlGaAs 
sacrificial  layers.  InGaP  sacrificial  layers  were  not  found  capable  of  withstanding  the  bonding  process 
without  substantially  damaging  the  resulting  CU  substrate.  HRXRD  RSM  images  of  the  InSb  layer 
has  shown  that  this  growth  contains  a  0.25°  spread  in  the  orientation  of  the  epilayer.  AFM  has 
confirmed  the  presence  of  a  surface  undulation  with  a  period  of  approximately  3  microns  and 
amplitude  of  700A.  The  geometry  of  this  surface  would  generate  a  0.29°  omega  variation  with  a 
buckling  of  the  InSb  layer  and  void  formation  at  the  interface. 
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Abstract.  This  paper  introduces  a  novel  technique  for  constructing  an  empirical  model  which  relates  RHEED 
intensity  patterns  to  the  physical  characteristics  of  MBE  grown  thin  films.  A  ft'actional  factorial  experiment  is  used  to 
systematically  characterize  the  growth  of  a  five-layer,  undoped  AlGaAs-InGaAs  single  quantum  well  structure  on  a 
GaAs  substrate  as  a  function  of  time  and  temperature  for  oxide  removal,  substrate  temperatures  for  AlGaAs  and 
InGaAs  layer  growth,  beam  equivalent  pressure  of  the  As  source  and  quantum  well  interrupt  time.  MBE  growth  takes 
place  in  a  Varian  Gen-II  MBE  system  using  substrate  rotation,  and  RHEED  signals  are  monitored  for  each 
experimental  trial.  RHEED  pattern  variation  is  used  as  an  indicator  of  defect  density,  x-ray  diffraction,  and 
photoluminescence  of  the  grown  films.  Principal  component  analysis  is  used  to  reduce  the  dimensionality  of  the 
RHEED  data  set,  while  maintaining  the  integrity  of  the  information  contained  within.  The  reduced  RHEED  data  set  is 
used  to  train  back-propagation  neural  networks  to  model  the  process  responses.  These  models  are  quite  accurate 
(about  3%  RMSE  on  training  data  and  less  than  10%  RMSE  for  test  data),  implying  that  the  principal  components  are 
a  reliable  source  of  input  data.  Continued  development  will  lead  to  models  which  provide  a  platform  upon  which  to 
build  an  automated  process  control  system  for  MBE  growth. 


1.  Introduction 

Molecular  beam  epitaxy  (MBE)  is  a  weil-deveioped  technique  for  growing  various  compound 
semiconductor  structures.  Due  to  the  complexity  of  growth  mechanisms  and  the  large  number  of 
adjustable  input  conditions  involved,  acceptable  process  conditions  have  primarily  been  derived  by 
trial  and  error.  In  addition,  the  methodology  used  in  most  research  in  MBE  growth  kinetics  has 
furnished  only  limited  information  regarding  the  effect  of  variations  in  process  conditions.  This  can 
result  in  the  loss  of  critical  data  required  for  process  optimization.  As  process  complexity  increases, 
means  must  be  identified  for  implementing  automated  process  control. 

This  paper  presents  a  novel  technique  for  constructing  an  empirical  model  relating  reflection 
high-energy  electron  diffraction  (RHEED)  intensity  patterns  to  the  physical  characteristics  of  MBE- 
grown  thin  films.  A  fractional  factorial  experiment  was  used  to  systematically  characterize  the  growth 
of  a  five-layer,  undoped  Alg^iGao  yg As-Ioq  2G'a()  gAs  single  quantum  well  structure  on  a  GaAs 
substrate  as  a  function  of  varying  process  conditions  [1].  Growth  took  place  using  substrate  rotation  in 
a  standard  3-chamber  Varian  Gen-II  system  with  solid  source  effusion  cells.  RHEED  signals  were 
monitored  for  each  experimental  trial,  and  RHEED  pattern  variation  was  used  as  an  indicator  of  defect 
density,  x-ray  diffraction,  and  photoluminescence  (PL)  of  the  grown  films.  Our  process  modeling 
technique  uses  principal  component  analysis  (PCA)  [2]  to  reduce  the  dimensionality  of  the  RHEED 
data,  and  the  reduced  RHEED  data  was  used  to  train  back-propagation  (BP)  neural  networks  [3]  to 
model  the  process  responses.  These  models  were  quite  accurate  (3%  RMS  error  on  training  data  and 
less  than  10%  RMSE  for  test  data),  implying  that  the  principal  components  are  a  reliable  source  of 
input  data. 
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2.  Experimental  Design 

To  obtain  the  data  for  modeling  the  MBE  RHEED  signals,  a  2^'^  factorial  experiment  requiring  16 
trials  was  used  to  characterize  the  growth  of  a  AIq  24Gao.76'^S'Ino.2®®0.8As  single  quantum  well 
structure  on  a  GaAs  substrate  (Figure  1).  This  structure  is  illustrative  of  the  most  common  device 
configurations  grown  by  MBE.  Six  input  factors  were  examined  in  this  experiment.  These  factors 
were  time  and  temperature  for  oxide  removal,  substrate  temperature  for  AlGaAs  and  InGaAs  layer 
growth,  beam  equivalent  pressure  of  the  As  source  and  quantum  well  interrupt  time  (Table  1). 


Table  1:  Experimental  Factors  and  Ranges 


Ciystal 

Quali^ 

Factors 

(5) 


Figure  1  -  Single  quantum  well  test  structure. 


No 

Factor  Description 

Range 

1 

Temperature  for  oxide  removal 

580  -  650  °C 

2 

Time  for  oxide  removal 

30  -  300  sec 

3 

Temperature  for  AlGaAs  growth 

580  -  630  °C 

4 

Temperature  for  InGaAs  growth 

450- 520  °C 

5 

As  source  temperature 

325  -  340  “C 

6 

Interrupt  time 

30  -  90  sec 

RHEED  has  long  been  employed  as  a  tool  for  in-situ  probing  the  properties  of  surfaces  during 
MBE.  Data  relating  to  surface  diffusion,  crystal  growth  mechanisms,  and  dopant  incorporation  are 
examples  of  information  which  have  been  obtained  from  studies  of  RHEED  intensity  oscillations. 
Even  more  relevant  is  the  fact  that  RHEED  features  have  been  used  in  several  process  control  models 
to  calibrate  beam  fluxes  and  control  alloy  composition  and  thickness  of  quantum  wells  and 
superlattice  layers.  It  is  quite  likely  that  RIffiED  data  contains  more  information  about  the  growth 
process  than  could  ever  be  obtained  from  knowledge  of  the  process  set  points  alone.  Therefore, 
RHEED  signals  monitored  for  each  of  the  16  trials  in  this  experiment  were  used  as  indicators  of  defect 
density,  x-ray  diffraction,  and  PL  of  the  grown  films. 

3.  Process  Modeling 

Our  modeling  technique  uses  PCA  to  reduce  the  dimensionality  of  the  RHEED  data  set,  while 
maintaining  the  integrity  of  the  information  it  contains.  An  example  of  the  raw  RHEED  intensity  data 
corresponding  to  a  specific  set  of  process  conditions  appears  in  Figure  2.  Before  PCA  was  performed, 
the  raw  data  was  normalized  to  a  common  time  scale  by  block  averaging.  This  yielded  100  RHEED 
intensity  values  over  time  for  each  of  the  16  experimental  trials.  Dimensionality  reduction  through 
PCA  was  achieved  by  transforming  the  normalized  RHEED  data  to  a  set  of  principal  components 
(PCs),  which  are  uncorrelated  and  ordered  such  that  the  first  few  retain  most  of  the  variation  present  in 
the  original  data  set.  After  they  have  been  derived,  the  PCs  may  be  used  as  predictor  variables  to 
estimate  the  MBE  process  responses. 

The  PCs  of  the  RHEED  data  were  used  to  train  BP  neural  networks  to  model  film  defect  density. 
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x-ray  and  PL.  Recently,  neural  networks  have  emerged  as  an  attractive  method  for  semiconductor 
process  modeling  [3].  Neural  networks  possess  the  unique  capability  of  learning  arbitrary  nonlinear 
mappings  between  noisy  sets  of  input  and  output  patterns.  Feed-forward  neural  networks  consists  of 
layers  of  simple  processing  units  which  are  interconnected  such  that  information  is  stored  in  the 
weight  of  the  connections  between  them.  Network  learning  is  designed  to  determine  an  appropriate  set 
of  connection  strengths  which  facilitate  the  activation  of  these  processing  units  to  achieve  a  desired 
state  that  mimics  a  given  set  of  sampled  patterns.  An  example  of  the  BP  network  architecture 
employed  appears  in  Figure  3.  Twelve  of  the  experimental  trials  were  used  for  network  training,  and 
data  from  the  remaining  trials  was  used  for  testing. 


MBE  Responses 


Figure  2  -  Sample  raw  RHEED  intensity  data. 


Figure  3  -  Neural  network  architecture. 


4.  Results  and  Discussion 

The  inputs  to  each  of  the  neural  networks  consists  of  the  first  six  PCs  of  the  RHEED  data,  as  they 
contain  97%  of  the  variance.  In  this  way  the  PCA  achieved  a  100:6  data  reduction  ratio  with  less  than 
3%  error.  Without  reducing  the  dimensionality,  a  neural  network  with  100  inputs  (one  for  each 
sample)  would  be  required  to  use  the  RHEED  data  to  predict  the  MBE  responses.  This,  however, 
would  result  in  an  severely  underconstrained  problem,  since  there  were  only  16  training  vectors 
available  from  the  factorial  experiment. 

Figure  4  demonstrates  the  accuracy  of  the  PCA-based  neural  network  models.  Models  were 
constructed  for  defect  density,  GaAs  and  AlGaAs  x-ray  signal  full-width-at-half-max  (FWHM),  x-ray 
peak  separation,  InGaAs  and  AlGaAs  PL  intensity  FWHM,  and  InGaAs  and  AlGaAs  PL  peak 
position.  The  neural  network  models  exhibited  an  average  RMSE  of  3%  on  training  data  and  less  than 
10%  for  test  data  (see  Table  2).  We  have  demonstrated,  therefore,  that  the  PCs  of  the  RHEED  signals 
must  contain  sufficient  information  from  which  to  predict  the  relationship  between  growth  conditions 
and  film  quality. 
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Table  2:  Test  RMSE  for  PC-Based  Neural  Network  Models 


Response 

RMSE 

Defect  density 

0.1572 

AIGaAs  X-Ray  FWHM 

0.0519 

InGaAsPLFWHM 

0.1897 

InGaAs  PL  peak  position 

0.1078 

AIGaAs  PL  FWHM 

0.0731 

AIGaAs  PL  peak  position 

0.0288 

Average 

0.0994 

AIGaAs  X-ray  FWHM 


Figure  4  -  Neural  process  model  prediction  vs.  experimental  measurements  for  AIGaAs  x-ray  FWHM 
(triangles  represent  test  data). 

5.  Conclusion 

RHEED  signals  from  an  MBE  growth  process  have  been  modeled  using  PCA  and  neural  networks. 
PCA  was  used  to  reduce  the  dimensionality  of  the  RHEED  data  set.  The  PCs  were  used  to  train  BP 
neural  networks,  and  the  physical  characteristics  of  MBE-grown  thin  films  were  successfully 
predicted.  The  continued  development  of  these  techniques  will  lead  to  models  capable  of  predicting 
the  characteristics  of  MBE  grown  thin  films  via  real-time  REEED  data  analysis,  therefore  providing  a 
platform  on  which  to  build  an  automated  process  control  system  for  MBE  growth. 
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Abstract.  We  developed  the  LPE  growth  technology  of  InGaAsSb,  AlGaAsSb  and  AlGalnAsSb  layers  from 
Sb-rich  liquid  phases  on  GaSb  substrates.  All  multicomponent  beterostructures  were  studied  by  double  crys¬ 
tal  X-ray  diffraction.  InGaAsSb  layers  were  grown  in  both  sides  of  the  miscibility  gap,  near  GaSb  and  near 
InAs.  From  a  study  of  the  variation  of  the  rocking  curves’  halfwidth  with  the  supercooling  temperature  of  the 
In-Ga-As-Sb  liquid  phases  the  technological  growth  conditions  were  optimized.  In  the  case  of  AlGaAsSb  the 
GaSb  substrate  is  eroded  in  contact  with  a  saturated  Al-Ga-As-Sb  liquid  due  to  the  high  non  equilibrium  de¬ 
gree  on  this  system  and  the  erosion  increases  with  A1  concentration.  One  of  the  techniques  to  diminish  the 
erosion  consists  in  increasing  the  initial  supercooling  but  in  this  system,  in  the  investigated  area  of  composi¬ 
tions,  it  is  impossible  because  of  the  low  critical  supercooling  (AIq^)  of  the  liquid  phase.  We  have  conceived 
and  developed  a  method  to  control  ATgr  by  adding  In  to  the  Al-Ga-As-Sb  liquid  phase.  It  was  found  that 
when  the  In  concentration  increased  the  ATgf  also  increased.  So  the  transition  from  the  quaternary  AlGaAsSb 
to  the  pentanary  AlGalnAsSb  allowed  us  to  decrease  the  erosion  process.  It  is  shown  that  high  quality  multi- 
component  Sb-based  solid  solutions  can  be  grown  by  the  developed  technique  with  Sb  as  a  solvent. 

Introduction 

InGaAsSb  and  AlGaAsSb  quaternary  solid  solutions  are  attractive  candidate  materials  for 
optoelectronic  devices  in  the  near  and  mid-infrared  wavelength  range.  At  the  present  time  InGaAsSb 
and  AlGaAsSb  layers  are  grown  by  different  epitaxial  techniques,  including  MBE  and  LPE. 

Most  of  the  works  concerning  the  LPE  growth  of  these  quaternary  systems  deal  with  the  use  of 
metal-solvents.  However,  antlmonide-based  systems  can  be  grown  both  from  metal-rich  and  from  Sb- 
rich  liquid  phases.  The  advantages  of  using  Sb  as  a  solvent  for  LPE  growth  [1]  are:  1.-  When  growing 
AlGaAsSb/InGaAsSb/GaSb  structures  it  is  profitable  to  use  the  same  solvent  for  all  the  layers.  This  can 
not  be  done  with  metal  solvents.  2.-  It  helps  to  decrease  the  natural  defects  concentration  normally  pre¬ 
sente  in  GaSb  based  systems.  3.-  In  the  case  of  InGaAsSb  it  lowers  the  degree  of  non  -  equilibrium 
between  the  liquid  phase  and  GaSb  substrate. 

Growth  technology 

This  work  is  devoted  to  the  InGaAsSb,  AlGaAsSb  and  AlGalnAsSb  LPE  growth  from  Sb 
solvents.  The  preliminary  data  for  the  composition  of  the  liquid  phases  was  obtained  from  phase 
diagrams  calculation  using  the  simple  solution  model  [2,3]  in  the  Sb-rich  side  [4].  The  theoretical  data 
were  corrected  by  direct  visual  observations  of  liquid  phases  during  slow  heating  and  cooling.  The 
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liquidus  temperature  T'  and  the  critical  supercooling  AT„,  when  the  spontaneous  crystallization  began, 
were  determined  from  these  experiments  for  known  liquid  phase  compositions.  The  epitaxial  layers 
were  grown  on  GaSb  (lll)B  and  (100),  n- or  p- type  substrates  with  carrier  concentrations 
near  10’'^  cm’.  The  substrates  were  etched  in  H2O2  :  HF  :  C405H5(tartaric  acid)  :  H2O  [5].  The  lattice 
mismatch  measurements  of  the  heterostructures  and  their  crystal  perfection  were  studied  by  double 
crystal  X-ray  diffraction. 

In,(Ga,.xASySb,_j,  were  grown  in  two  composition  areas;  near  GaSb  (0.06  <  x  <  0.13,  0.05  <  y  < 
0.17)  and  near  InAs  (0.9  <  x  <  0.96,  0.8  <  y  <  0.9).  These  areas  are  on  both  sides  of  In,;Ga,.,(ASySb,.y 
miscibility  gap  [6].  The  critical  supercooling  AT„  on  the  first  composition  area  of  solid  solutions  was 
about  6-12  °C.  The  InGaAsSb  epitaxial  growth  was  done  in  the  first  composition  area  at  a  constant 
temperature  of  630-635  °C  and  at  different  supercoolings  in  the  range  2  -  7  °C.  The  typical  layer 
thicnesses  were  0.5  -  1 .5  pm  with  a  growth  time  of  5  -  20  s.  The  use  of  Sb  solvents  allowed  the  growth 
of  In,;Ga[.,;ASySb]_y  epitaxial  layers  near  InAs  on  GaSb-substrates  by  usual  LPE  technology  without  the 
extreme  initial  temperature  differences  between  the  liquid  phase  and  substrate  as  in  the  «cold»  substrate 
method  reported  in  [7].  This  fact  proves  that  the  substitution  of  metal  solvent  for  Sb  increases  the 
substrate  stability  in  contact  with  an  In-Ga-As-Sb  liquid  phase.  The  Al,;Ga,_,;ASySb,_y  and 
Al,jGa,.x,zIn^SySbi.y  solid  solutions  were  grown  at  similar  conditions  at  the  same  temperature. 

Results  and  discussions  for  InGaAsSb  solid  solutions 

The  diffraction  peaks  halfwidths  (FWHM)  for  the  best  InGaAsSb/GaSb  samples  were  about  11- 
15  seconds  of  arc.  Moreover,  a  number  of  small  peaks  were  observed  on  the  rocking  curves  superposed 
to  the  fundamental  Bragg  reflections  from  the  layer  and  the  substrate.  This  is  a  result  of  multiple 
diffraction  within  the  epitaxial  layers.  The  halfwidths  of  the  diffraction  peaks  for  the  GaSb  substrates 
AQi  were  always  less  than  AQ2  for  the  InGaAsSb  layers.  We  investigated  the  dependence  of  AQ,  and 
AQ2  on  AT  which  is  one  of  the  main  technological  parameters.  For  this  purpose  we  have  grown 
InGaAsSb/GaSb  structures  from  identical  liquid  phases,  corresponding  to  a  Ao/oonear  8.2  x  10-'' .  It 
was  found  that  AQi  and  AQ2  first  decrease  with  an  increase  of  AT  and  achieve  minimal  values  of  about 
11-13  seconds  at  AT~5-6  °C.  A  further  supercooling  increase  results  in  a  ■widening  of  diffraction  peaks 
from  both  the  substrate  and  the  epitaxial  layer. 

Such  behavior  could  be  explained  as  follows: 

In  the  heteroepitaxial  growth  process  the  liquid  and  solid  phases’  compositions  do  not  correspond 
to  each  other.  Therefore  immediately  after  the  contact  between  the  liquid  and  substrate  the  system  is 
not  in  equilibrium.  There  has  to  be  a  process  taking  the  system  to  a  quasi-equilibrium  situation  by 
means  of  a  particle  exchange  between  both  phases.  A  particles  exchange  implies  a  substrate  erosion 
and  crystallization  from  the  liquid  phase.  Both  of  these  two  processes  take  place  simultaneously  hut  in 
different  systems  one  of  them  can  dominate  over  the  other.  In  the  case  of  InGaAsSb  grown  on  GaSb 
the  substrate  erosion  process  is  strong  enough.  As  a  result  of  the  substrate’s  erosion  additional  atoms  of 
Sb  and  Ga  will  go  into  the  liquid  phase.  Such  changes  of  the  composition  of  the  liquid  phase  will 
increase  the  supersaturation  degree  and  cause  the  crystallization  process.  Because  of  these  two 
processes,  that  bring  the  system  to  quasi-equilibrium,  a  strained  transition  layer  of  varying  composition 
and  lattice  constant  will  form.  These  strains  will  develop  not  only  on  the  epitaxial  layer  but  also  in  the 
substrate  region  near  the  interface.  Hence  the  halfwidth  of  the  diffraction  peak  of  the  substrate  will 
depend  on  the  transition’s  layer  parameters.  Naturally  those  parameters,  principally  the  thickness, 
depend  on  the  technological  conditions  of  growth. 
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Certainly  it  is  necessary  to  diminish  the  substrate  erosion  in  order  to  fabricate  a  sharp 
heteroboundary.  This  can  be  done  by  increasing  the  liquid  phase  supercooling  and  therefore  reducing 
the  substrate  erosion  velocity.  As  a  result  the  thickness  of  the  transition  layer  will  be  reduced  and  as 
consequence  AQ2  will  be  also  reduced  indicating  a  better  heterostructure  quality.  At  the  same  time 
when  the  supercooling  temperature  is  optimum,  the  thickness  of  the  transition  layer  is  a  minimum  and 
the  crystallographic  quality  of  the  epitaxial  layers  is  the  best  too.  The  optimum  supercooling 
temperature  AT„p,  is  about  5  -  6  °C  with  corresponding  minimal  halfwidths  of  the  diffraction  peaks  for 
both  the  substrate  and  the  layers.  The  further  increase  AQi  and  AQ2  with  supercooling  is  associated 
most  probably  with  a  supersaturation  decrease  due  to  a  crystallization  process  in  the  liquid  phase 
volume  before  substrate  contact. 

The  FWHM  for  chemically  polished  GaSb  substrates  measured  on  the  same  conditions  as  for  the 
heterostructure  were  near  AQ^  for  the  best  samples.  That  fact  and  the  additional  diffraction  maxima  on 
the  rocking  curves  point  to  a  sharp  heterohoundary  and  to  a  high  crystalline  quality  of  InGaAsSb/GaSb 
structures  grown  by  LPE  from  the  Sb-rich  solutions.  As  a  matter  of  fact  distributed  feedback 
InGaAsSb/GaSb  heterojxmction  lasers  have  been  fabricated  using  this  growth  technology  [8]. 

Results  and  discussions  for  AlGaAsSb  and  AlGalnAsSb  solid  solutions 

In  this  work  we  have  investigated  the  growth  process  of  Al,(Ga,.,pASySb].y  solid  solutions  with 
0.40  <  X  <  0.45.  For  the  best  AlGaAsSb/GaSb  samples  grown  from  Sb  in  that  area  of  composition  the 
FWHM  were  12-15  seconds  of  arc.  and  a  number  of  small  peaks  were  observed  on  the  rocking  curves 
similar  to  rocking  curves  of  InGaAsSb/GaSb  structures.  These  peaks  confirm  a  sharp  heteroboundary 
and  to  a  high  crystalline  quality  of  the  GaALAsSb/GaSb  as  in  a  case  of  InGaAsSb/GaSb. 

However  it  is  necessary  to  point  out  that  the  lattice  mismatch  reproducibility  for  AlGaAsSb/GaSb 
was  not  good  in  the  investigated  area  of  compositions  and  growth  temperatures.  From  our  point  of 
view,  this  is  connected  with  the  very  narrow  supercooling  interval  that  it  is  possible  to  achieve  in  the 
quaternary  Sb-rich  liquid  phases.  The  critical  supercooling  AT„  value  for  the  quaternary  liquid  phases 
was  found  to  be  around  4  °C.  Note  that  in  metal  solvents  the  critical  supercooling  is  usually  larger. 

Besides,  there  is  another  problem  associated  with  the  use  of  Sb-rich  liquid  solutions  to  grow 
AlGaAsSb/GaSb  structures:  the  big  degree  of  non  equilibrium  between  the  GaSb  (solid  phase)  and  Al- 
Ga-As-Sb  (liquid  phase)  system.  As  a  result  of  that  the  boundary  between  the  quaternary  liquid  and  the 
solid  phases  is  unstable,  a  GaSb  substrate  is  eroded  strongly  in  contact  with  a  saturated  liquid  phase.  If 
the  A1  concentration  in  the  liquid  solution  will  increase,  the  GaSb  erosion  will  increase  too.  Note,  that 
in  the  opposite  case  the  GaSb  layer  can  be  grown  on  the  AlGaAsSb  without  noticeable  erosion. 

It  is  obvious  that  in  order  to  produce  high  quality  devices  it  is  necessary  to  eliminate  or  minimize 
the  erosion  process.  This  could  be  done  by  increasing  the  initial  supercooling  used  to  grow  the 
quaternary  layer.  Unfortimately  this  method  is  not  suitable  in  this  case  because,  as  shown  above,  the 
critical  supercooling  in  Sb-rich  Al-Ga-As-Sb  liquid  solutions  is  very  low. 

It  is  known  that,  among  other  parameters,  the  critical  supercooling  (AT^)  depends  on  the  specific 
surface  energy  of  the  liquid  phase.  So  it  is  possible  to  control  AT„  by  changing  the  liquid  phase 
composition.  One  of  the  suitable  elements  for  that  purpose  for  the  Al-Ga-As-Sb  system  is  In  because 
its  low  segregation  coefficient,  kj,,,  in  comparison  with  ko^  and  k^j.  hi  this  case  we  could  expect  to 
change  the  liquid  composition  without  largely  affecting  the  solid  phase.  It  was  found  that  an  increase  of 
In  concentration  (N'^,)  in  the  liquid  phase  from  0  to  4  at.  %  more  than  doubled  AT„.  When  the  Ni^,  is 
more  than  2  at%  the  pentanary  solid  solution  Al,Ga|.„_JhvVSySbi.j,  crystallizes  on  the  GaSb  substrate 
with  an  In  concentration  which  can  be  sensed  by  an  electron  microprobe  (z  ~  0.01  ).  The  addition  of  a 
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fifth  component  to  the  solid  will  increase  the  lattice  mismatch  with  the  GaSb  substrate  but  this  effect 
can  be  compensated  by  increasing,  again,  the  As  concentration.  We  have  investigated  independently 
the  As  and  In  influence  at  the  T‘  of  the  pentanary  Al-Ga-In-As-Sb  liquid  phase.  Because  the  melting 
points  T™"  for  ni-As  compounds  are  higher  than  T™''*  for  corresponding  m-Sb,  adding  As  to  the  liquid 
phase  will  increase  T‘.  When  N‘in  increases,  T'  decreases  because  the  melting  temperatures  for  InSb 
and  InAs  are  lower  then  for  A1  and  Ga  arsenides  and  antimonides.  (In  the  first  case  and 

N'i„  were  kept  constant,  in  the  second  case  N'q^  and  were  kept  constant  ).  A  comparison  of 
both  dependencies  shows  that  the  As  and  In  contrary  influences  on  the  liquidus  temperature  are 
balanced  by  simultaneously  increasing  ISPas  and  bP^,,  and  so  T>  remains  the  same.  But  with  the  added 
advantage  that  In  addition  increases  the  critical  supercooling  of  the  liquid  phase.  It  means  that  the  GaSh 
erosion  process  can  be  depressed  by  the  transition  fi-om  a  quaternary  to  a  pentanary  system. 

Using  these  results  we  have  grown  single  and  multilayer  heterostructures  based  on 
AI^Ga,  Jn  As^Sb,^  (0.01  <  z  <  0.04)  lattice  matched  to  GaSb.  The  smallest  FWHM  of  the  diffiaction 
peaks  was  12-15  arc.  sec.  This  value  and  the  additional  diffraction  maxima  on  the  rocking  curves  are 
indicatives  of  high  crystalline  quality  and  a  sharp  heteroboundary  of  the  samples.  Also  this  technology 
was  used  to  fabricate  low  threshold  current  density  AlGalnAsSb/InGaAsSb/GaSb  heterolasers  [9]. 

Conclusions 

In  sununary  we  developed  and  studied  the  growth  technology  of  InGaAsSb,  AlGaAsSb  and 
AlGalnAsSb  from  Sb-rich  solutions.  It  is  shown  that  high  quality  heterostructures  can  be  produced  by 
this  growth  method.  We  believe  that  such  technology  has  good  perspectives  for  the  production  of  mid- 
infrared  devices  based  on  solid  solutions  of  the  III-V  antimonides. 
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Abstract.  Detailed  studies  of  segregation  and  diffusion  of  the  dopants  Si  and  Be  in  MBE  grown  AlGaAs/GaAs 
heterostructures  for  optoelectronic  devices  are  presented.  Segregation  of  Si  could  be  suppressed  by  lowering  the 
substrate  temperature  during  the  growth  of  a  few  monolayers  after  the  deposition  of  the  doped  layers.  Solubility 
limits  of  Be  were  observed  to  depend  on  the  A1  mole  fraction.  Be  diffusion  in  the  laser  structures  was  negligible  at 
doping  concentrations  below  these  solubility  limits.  As  an  application,  hansmitter  OEICs  were  fabricated  using  la¬ 
ser-HEMT  structures  grown  with  optimized  growth  conditions.  The  devices  operated  successfully  at  15  GBit/s, 


1.  Introduction 


Heterostructures  for  optoelectronic  integrated 
circuits  (OEICs)  can  be  grown  by  molecular 
beam  epitaxy  (MBE)  allowing  close  control  of 
composition,  thickness  and  doping.  In  our  lab¬ 
oratory,  AlGaAs/GaAs  laser-HEMT  structures 
for  monolithic  integration  have  been  grown  by 
MBE  in  one  epitaxial  run.  They  consist  of  a 
two-sided  5-doped  HEMT  in  combination  with 
a  MQW  laser  structure  (Fig.  1).  The  growth  of 
structures  for  optical  devices  requires  high 
growth  temperatures  in  order  to  achieve  good 
device  performance.  This  generally  leads  to 
dopant  segregation  and  diffusion.  The  per¬ 
formance  of  the  two-sided  5-doped  HEMTs,  on 
the  other  hand,  is  extremely  sensitive  to  these 
effects.  Thus,  other  growth  parameters  including 
lower  substrate  temperature  are  necessary  for 
these  HEMT  stmctures.  In  this  paper,  we 
present  detailed  studies  of  Si  segregation  and  Be 
diffusion  in  AlGaAs/GaAs  heterostructures 
from  which  optimized  growth  conditions  for  op¬ 
tical  and  electronic  structures  could  be  inferred. 
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Fig.  1:  Layer  sequence  of  the  laser-HEMT  structure  used  for 
monolithic  integration  (drawings  are  not  in  scale). 
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2.  Experimental 


All  heterostructures  were  grown  by  MBE  in  a  Varian  Modular  Gen  n.  Si  and  Be  are  used  as  n-  and  p- 
type  dopants,  respectively.  Si  segregation  was  studied  by  comparison  of  the  electrical  properties  of  nor¬ 
mal  and  inverted  HEMT  structures  and  by  secondary  ion  mass  spectrometry  (SIMS)  of  vertically  com¬ 
pact  laser  structures.  Be  segregation  and  diffusion  was  investigated  by  SMS  depth  profiling  of  test 
samples  containing  Be-doped  Al^Gaj  ^As  layers  of  different  composition  and  of  laser  structures.  Lasers 
and  transmitter  OEICs  were  fabricated  using  the  laser-HEMT  stractures.  The  lasers  were  characterized 
on-wafer  by  measuring  threshold  currents  and  series  resistances.  The  performance  of  the  transmitter 
OEICs  was  tested  in  an  optical  data  transmission  experiment. 
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Fig.  2:  Hall  mobility  (full  symbols)  and  carrier  concentration  (open  symbols)  at  77  K  of  HEMT  (diamonds)  and 
I-HEMT  (triangles)  structure  versus  growth  temperature. 


3.  Results  and  Discussion 


Hall  mobility  and  carrier  concentration  at  77  K  of  a  conventional  and  an  Inverted  HEMT  (I-HEMT) 
structure  versus  growth  temperature  (pyrometer  read-out)  are  shown  in  Fig.  2.  In  the  latter  case,  the 
undoped  GaAs  layer  which  forms  the  2DEG  is  grown  after,  i.e.,  on  top  of  the  Si  doped  AlGaAs  layer. 
Channel  and  spacer  thickness  are  identical  for  the  HEMT  and  I-HEMT  structure.  In  comparison  to  the 
HEMT  structure,  the  mobility  of  the  I-HEMT  drops  significantly  at  higher  temperatures  reaching  a 
value  of  3500  cmWs  at  660°  C.  This  value  is  comparable  to  that  of  homogeneously  doped  GaAs  with 
an  electron  concentration  of  lO”  -  10'*  cm  ’.  We  attribute  the  drop  in  mobility  to  the  segregation  of  Si 
towards  the  GaAs  channel  [1].  The  drop  in  mobility  at  low  growth  temperatures  for  both  structures  is 
due  to  the  reduced  crystal  quality.  The  carrier  concentration  of  the  I-HEMT  structure  above  480°  C  is 
also  influenced  by  Si  segregation:  the  actual  spacer  thickness  for  the  I-HEMT  decreases  with 
increasing  growth  temperature  leading  to  a  slightly  higher  carrier  concentration  (see  Fig.  2).  The  situa¬ 
tion  is  vice  versa  in  the  HEMT.  Here,  the  segregation  of  the  dopants  leads  to  an  increase  of  the  actual 
spacer  thickness,  i.e.,  the  carrier  concentration  becomes  lower  with  higher  growth  temperatures.  As  a 
result,  has  to  be  in  the  range  of  500  °C  during  growth  in  regions  where  segregation  could  deteriorate 
device  performance. 
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Beryllium  diffusion  was  investigated  by  SIMS  depth  profiling  within  heterostructures  containing 
Be-doped  Al^Gaj.^As  layers  (0.3  <  .x:  <  0.8).  At  a  Be  concentration  of  2xl0‘*  cm  ’  we  observe  Be  outdif- 
fusion  into  the  undoped  GaAs  layers  at  a  growth  temperature  of  660°C  [2].  At  a  doping  concentration 
of  2x10”  cm’  a  strong  increase  in  diffusion  occurs  for  all  growth  temperatures.  The  depth  profiles 
show  solubility  limits  for  Be  in  Al^Gaj  ^As  layers  of  approximately  IxlO”  cm’  and  2x10”  cm’  at  x  = 
0.6  and  x  =  0.8,  respectively  [2],  in  agreement  with  similar  findings  in  AlAs  [3]. 

Based  on  the  results  above,  various  laser  structures  were  grown  using  our  optimized  growth  pa¬ 
rameters.  Fig.  3  shows  the  SIMS  depth  profile  of  the  laser  structure  with  600  nm  n-cladding  layer  and 
450  nm  p-cladding  layer.  The  active  region,  denoted  by  the  minimum  of  the  A1  profile,  consists  of  3 
GaAs  quantum  wells.  The  aluminum  content  of  the  cladding  layers  is  x  =  0.8. 


Fig.3:  SIMS  depth  profiles  of  the  laser  structure.  The  active  region  is  denoted  by  the  minimum  in  the  A1  profile. 

Very  sharp  dopant  profiles  for  Si  and  Be  were  achieved.  The  dopant  concentrations  in  the  active  region 
is  below  3xl0”  cm  ’,  the  detection  limit  of  both  Si  and  Be. 

Si  segregation  into  the  active  region  could  be  suppressed  by  lowering  the  growth  temperature  from 
660°  C  to  590°  C  for  a  few  monolayers  after  the  growth  of  the  n-doped  cladding  layer.  The  latter  tem¬ 
perature  was  the  best  choice  with  regard  to  good  optical  properties  and  lowest  amount  of  segregated  Si 
although  redistribution  of  Si  starts  at  even  lower  temperatures  (see  Fig.2).  The  increase  in  Si  concentra¬ 
tion  at  the  beginning  of  the  n-cladding  layer  (right  hand  side  in  Fig.  3)  is  due  to  the  lower  growth  rate 
of  AlojGaojAs  since  the  Si  beam  flux  is  kept  constant  during  the  whole  epitaxy.  Be  was  kept  from 
diffusing  into  the  active  region  by  keeping  the  doping  concentration  below  the  solubility  limit  of  2x10” 
cm’  for  the  first  300  nm  Al(,gGa„  jAs  cladding  layer  adjacent  to  the  active  region.  Additionally,  the 
growth  temperature  was  slightly  lower  compared  to  the  n-cladding  layer  and  the  active  region.  In  the 
remaining  150  nm  of  the  p-cladding  layer  the  Be  doping  concentration  was  raised  slightly  in  order 
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Fig.  4:  Threshold  current  (triangles)  and  series  resistance  (diamonds)  of  several  lasers  vs  mesa  width.  Laser  mirrors 
were  fabricated  by  RIE. 


to  obtain  a  lower  series  resistance.  Thus,  the  selection  of  the  proper  doping  profile  as  well  as  growth 
parameters  allows  the  growth  of  complex  heterostructures  with  negligible  dopant  redistribution. 

Laser  diodes  with  fixed  cavity  length  and  various  widths  were  processed  using  the  vertically  com¬ 
pact  laser  structures  described  above.  Laser  mirrors  were  fabricated  by  reactive  ion  etching  (RIE). 
Threshold  currents  and  series  resistances  were  determined  by  on-wafer  measurements.  Fig.  4  shows  the 
results  for  the  structure  with  450  nm  p-cladding.  Although  having  a  high  leakage  current,  lasers  with 
three  quantum  wells  showed  a  threshold  current  density  of  380  A/cm^  as  determined  by  linear 
regression  of  the  measured  current  values  plotted  versus  the  laser  diode  width.  We  attribute  this  low 
value  to  the  suppression  of  Si  segregation  and  Be  diffusion  into  the  active  region  (see  Fig.  3).  Laser 
structures  with  equal  layer  thicknesses  but  higher  Be  doping  concentrations  showed  threshold  currents 
densities  exceeding  1000  A/cml  This  value  was  due  to  a  high  Be  diffusion  into  the  quantum  wells  as 
substantiated  by  SIMS  measurements  [2]. 

As  an  application,  transmitter  OEICs  were  fabricated  using  AlGaAs/GaAs  laser-HEMT  structures. 
The  two-sided  5-doped  HEMT  structure  was  grown  at  480°C  to  prevent  Si  segregation.  The  growth 
temperature  and  doping  profile  of  the  laser  structure  were  described  above.  Fabry-Perot  type  MQW 
lasers  were  monolithically  integrated  with  driver  electronics  based  on  HEMT  technology.  The  high 
frequency  properties  were  investigated  after  dicing  and  mounting  the  OEICs  in  an  optical  data  com¬ 
munication  set-up.  The  devices  operated  successfully  at  data  rates  up  to  15  Gbit/s. 
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WAVELENGTH  TUNABLE  UV  LASER  STIMULATED 
GROWTH  OE  Al,Gai.,As  BY  OMVPE 
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OMVPE  Facility,  School  of  Electrical  Engineering,  Cornell  University,  Ithaca  NY  14850,  USA 

Abstract.  UV  stimulated  OMVPE  growth  of  AlGaAs  from  TMG,  TMA  and  arsine  at  500°C  was  studied 
using  a  wavelength  tunable  pulsed  laser  in  the  range  from  235  nm  to  255  nm.  We  observe  an  abrupt 
wavelength  edge  at  252  nm,  below  which  the  stimulation  rate  is  constant  and  above  which  the  growth 
enhancement  ceases.  We  demonstrate  a  high  growth  contrast  of  3.2  ;  1  and  show  that  the  growth  enhancement 
is  due  to  photostimulation  of  the  adlayer.  The  formation  of  a  periodic  surface  structure  agrees  with  theory  and 
results  in  growth  directions  deviating  from  [100].  Good  crystal  quality  was  determined  by  Raman 
spectroscopy. 


1.  Introduction 

UV-laser  stimulated  organometallic  vapor  phase  epitaxy  (OMVPE)  promises  high- 
resolution  in-situ  area-selective  growth  of  IH-V  semiconductors.  UV-laser  assisted  GaAs  growth  by 
MOMBE  [1],  CBE  [2]  and  OMVPE  [3-5]  has  been  demonstrated  over  a  wide  range  of  experimental 
conditions  using  pulsed  laser  sources  or  UV-lamps.  Many  of  these  studies  have  shown  significant 
growth  rate  enhancements  and  improved  surface  morphology  [1,3]  in  the  irradiated  areas.  Significant 
growth  stimulation  by  laser  irradiation  during  the  OMVPE  process  is  only  possible  in  the  kinetically 
limited  regime.  It  can  occur  via  localized  thermal  heating  and  thus  enhanced  pyrolysis,  the 
photodissociation  of  precursor  molecules  in  the  gas  phase,  or  via  photo-induced  reaction  of  the 
chemisorbed  adlayer.  Among  these,  adlayer  stimulation  is  most  desirable,  since  it  allows  for  the  highest 
resolution  patterning.  Several  studies  have  investigated  the  absorption  spectra  of  gas  phase  and  adsorbed 
OMVPE  precursors  [6],  and  their  laser-induced  decomposition  when  adsorbed  on  GaAs  [7]  or  silica 
substrates  [8].  Although  the  energy  of  a  single  UV  photon  is  sufficient  to  break  bonds  of  typical 
precursor  molecules,  the  exact  photochemical  pathways  of  both,  single  molecule  dissociation  and  adlayer 
reaction  stimulation  are  still  poorly  understood.  This  work  investigates  the  wavelength  dependence  of 
adlayer  photostimulation  and  the  properties  of  selectively  grown  AlGaAs. 


2.  Experiment 

UV  stimulated  growth  of  AlGaAs  and  GaAs  from  trimethylgallium  (TMG),  trimethylaluminum  (TMA) 
and  arsine  at  500°C  was  studied  using  a  wavelength  tunable  pulsed  laser.  The  raw  s-polarized  beam  was 
used  in  all  experiments.  We  operated  the  excimer-pumped  dye  laser  (Lambda  Physik  LPX  105i  and 
FL3002)  in  the  wavelength  range  from  235  nm  to  255  nm  with  Coumarin  102  as  the  dye.  To  achieve 
low  pulse  energies,  the  internal  pump  beam  attenuator  was  used.  In  this  configuration,  the  system 
delivered  pulse  energy  densities  between  3  and  20  mJ/Pulse  cm^  at  a  repetition  rate  of  10  Hz  with  a 
nominal  17  ns  (FWHM)  pulse  duration.  The  exact  pulse  energy  density  was  dependent  on  wavelength 
and  the  status  of  both  dye  and  XeCl  excimer  pump  laser  gas.  All  growths  were  carried  out  at  25  ton- 
reactor  pressure,  a  V/EI  ratio  of  76  and  an  aluminum  vapor  mole  fraction  of  46%  for  AlGaAs.  One 
experiment  series  varied  the  wavelength  from  235  nm  to  255  nm  leaving  the  growth  time  fixed  at  8 
minutes.  The  other  series  varied  the  growth  time  from  2  to  30  minutes  at  fixed  240  nm  wavelength.  The 
layers  were  characterized  by  surface  profiling,  scanning  electron  microscopy  (SEM),  atomic  force 
microscopy  (AFM)  and  Raman  spectroscopy. 
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3.  Results  and  Discussion 

3.1.  Selective  Growth  Characteristics  and  Wavelength  Dependence 

Exposure  to  the  raw  laser  beam  resulted  in  two  spots  of  enhanced  growth,  which  were  identified  to 
originate  from  the  mode  stmcture  of  the  beam  itself.  They  correspond  to  the  two  distinct  intensity 
maxima  in  the  beam  profile.  The  location  of  the  quartz  window  where  the  laser  beam  passed  through 
showed  a  deposit  of  metallic  appearance  roughly  the  size  of  the  overall  laser  beam.  However,  two 
deposit-free  spots  identical  in  size  and  shape  to  the  growth  spots  on  the  wafer  were  embedded  in  the 
window  deposit.  The  window  deposit  for  8  min.  exposures  was  400A  and  very  rough.  The  rest  of  the 
window  was  free  of  deposits.  Figure  1  shows  a  representative  surface  profile  across  the  selectively 
deposited  AlGaAs  film  on  the  wafer  for  a  four  minute  exposure  to  the  240  nm  laser  beam  and  reactants. 
Both  illuminated  spots  show  the  same  growth  rate  and  the  feature  height  is  nearly  constant  for  each  spot. 
We  found  that  longer  exposure  times  lead  to  less  eonstant  feature  height  (surface  roughness  on  the  mesa 
top).  Exposure  times  less  than  15  minutes  resulted  in  a  eonstant  stimulated  growth  rate  of  2.6  p-m/hr. 
For  longer  stimulated  growth  times  the  growth  rate  decreased  drastically,  indicating  a  saturation  of 
feature  height.  The  AlGaAs  growth  rate  in  the  unilluminated  areas  for  all  experiments  was  1 .2  pm/hr, 
resulting  in  a  growth  contrast  (total  growth  in  light :  growth  in  dark)  of  about  3.2  :  1. 
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Figure  1,  Representative  surface  profile  across  the  Figure  2.  Feature  height  of  selectively  deposited 

four  minute  selective  AlGaAs  deposit.  The  AlGaAs  as  function  of  laser  wavelength.  The 

unstimulated  AlGaAs  deposit  is  800  A.  deposition  in  the  dark  was  1600A  in  all  cases, 

Sasaki  et  al.  [6]  investigated  the  UV  absorption  spectra  of  TMG,  TMA  and  arsine,  as  well  as  the  spectral 
changes  upon  adsorption  on  synthesized  silica.  Although  all  spectra  exhibit  their  absorption  tail  around 
250  nm,  that  of  the  TMG/AsHj  co-chemisorbed  adlayer  extends  greatly  to  longer  wavelengths  than  the 
vapor  phase  or  physisorbed  species.  This  suggests  that  chemisorbed  adlayer  photostimulation  without 
significant  gas  phase  absorption  is  possible  around  250  nm.  Figure  2  displays  the  feature  heights  of  the 
selectively  grown  AlGaAs  spots  as  a  function  of  excitation  wavelength  between  235  nm  and  255  nm.  It 
shows  an  abrupt  drop  to  zero  UV  growth  stimulation  around  252  nm.  The  measured  pulse  energy 
density,  indicated  for  each  data  point,  differed  slightly  between  experiments,  since  it  is  dependent  on 
wavelength  and  the  conditions  of  both  dye  and  excimer  laser  gas.  Comptuison  of  the  individual  data 
points  shows,  however,  that  this  variation  did  not  significantly  affect  the  growth  contrast.  For 
wavelengths  below  250  nm,  the  stimulated  growth  rate  is  approximately  constant  at  2.6  [im/hr  despite  the 
pulse  energy  density  variation  form  10.6  to  16.6  mJ/Pulse  cm^.  Across  the  wavelength  edge,  the 
experiments  at  252  nm  and  252.5  nm  had  identical  pulse  energies  of  8.8  mJ/Pulse  cm^ ,  not  significantly 
less  than  the  10.6  mJ/Pulse  cm^  experiment  at  240  nm.  Under  our  conditions,  the  stimulated  growth  rate 
between  235  nm  and  250  nm  is  thus  independent  of  the  photon  energy,  whereas  the  photostimulation  of 
the  reaction  ceases  entirely  for  photon  energies  smaller  than  4.91  eV.  Despite  zero  stimulated  growth  on 
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the  substrate,  the  window  deposits  were  observed  at  wavelengths  greater  than  252  nm.  However,  since 
UV  photoassisted  OMVPE  growth  of  GtiAs  from  TMG  and  arsine  was  observed  at  254  nm  using  a  low 
pressure  Hg  lamp  [4]  at  510°C  substrate  temperature,  our  measured  wavelength  edge  must  be  dependent 
on  the  reactor  parameters.  This  is  supported  by  experiments  with  TMG  adsorbed  on  Si  and  248  nm 
excimer  laser  excitation,  which  show  that  the  photodissociation  process  is  thermally  assisted  [9]. 


3.2.  Surface  Stimulation 


The  laser  spot  surface  exhibits  over  large  regions  the 
homogeneous  periodic  ripple  structure  as  shown  by  the  scanning 
electron  micrograph  in  figure  3.  These  rippled  surfaces  have 
been  reported  for  pulsed  laser  annealing  [10],  growth  [5,11]  and 
etching  [12]  of  semiconductors.  Sipe  et  al.  [13]  have  developed 
a  theory  for  the  formation  of  these  periodic  patterns  by  laser 
irradiation,  based  on  the  assumption  that  the  patterns  result  from 
inhomogeneous  energy  absorption  just  beneath  the  surface, 
originally  induced  by  surface  roughness.  The  interference 
between  the  incident  laser  beam  and  the  laser-induced  surface 
propagating  electromagnetic  wave  results  in  a  standing  wave 
pattern,  which  in  turn  leads  to  periodic  variations  in  the  intensity 
of  the  electromagnetic  radiation  at  the  surface.  They  predict  and 
experimentally  confirm  [14]  the  laser  polarization  dependence  of 
direction  and  periodicity  of  these  gratings,  where  the  periodicity 
is  a  function  of  wavelength  and  angle  of  incidence.  We  measured 
the  periodicity  of  the  ripple  structures  on  our  samples  by  taking 
the  Fast  Fourier  Transform  of  AFM  images.  Orientation  and 
periodicity  agree  well  with  theory.  Cross-sectional  SEM  images  of  samples  grown  for  eight  minutes 
showed  a  surface  ripple  height  of  100  nm,  1/4  of  the  total  height  of  the  selectively  grown  spots.  It  is 
believed,  that  once  the  surface  plasma  wave  is  initiated,  the  periodic  surface  structure  causes  a  positive 
feedback  mechanism  enhancing  the  intensity  modulation  just  underneath  the  surface  [14].  This  explains 
the  substantial  height  of  the  surface  ripples  and  might  explain  the  growth  rate  drop  for  longer  exposure 
times  as  discussed  in  section  3.1.  It  also  leads  to  the  observed  increase  in  surface  roughness  as  laser 
stimulated  growth  time  is  increased. 

Since  the  generation  of  these  gratings  is  a  surface  phenomenon,  gas  phase  photolysis  can  be 
excluded  as  the  dominant  stimulation  mechanism.  Furthermore,  numerical  simulations  of  laser-induced 
surface  heating  under  our  experimental  conditions  show  that  the  resulting  temperature  rise  is  insignificant 
towards  the  observed  growth  enhancement.  Thus,  adlayer  photolysis  constitutes  the  dominant 
stimulation  mechanism  at  wavelengths  between  235  nm  and  255  nm  as  investigated  in  this  study. 


Figure  3.  Scanning  electron  micrographs 
of  laser  spot  surface  showing  typical 
periodic  surface  structure.  The  sample  was 
grown  at  235  nm  laser  wavelength.  Arrow 
indicates  polarization  direction. 


3.3.  Structural  qualities 

The  crystal  quality  of  unstimulated  and  stimulated  growth  regions  were  assessed  by  Raman  scattering. 
The  small  penetration  depth  of  the  Raman  probe  (~  500  A)  allows  us  to  sample  the  top  surface.  A 
comparison  of  the  Raman  spectra  from  photostimulated  GaAs  and  AlGaAs  samples  grown  under 
identical  conditions  is  shown  in  Figure  4.  The  spectrum  from  GaAs  grown  in  the  dark  exhibits  a  narrow 
longitudinal  phonon  (LO)  at  292  cm  '  (FWHM  ~  3  cm  ' )  confirming  that  GaAs  of  good  crystal  quality  is 
deposited  at  500°C.  In  contrast,  the  spectrum  from  the  UV  stimulated  region  exhibits  in  addition  to  the 
narrow  LO  phonon  an  equally  narrow  transverse  optic  (TO)  phonon.  Although  not  allowed  during 
scattering  from  (001)  surface  of  zinc-blende  crystals,  this  mode  in  general  may  be  activated  by  crystal 
damage  or  deviation  of  deposition  from  the  (001)  direction.  The  narrow  linewidth  of  the  LO  phonon 
rules  out  crystal  damage  as  the  cause  of  the  TO  phonon.  As  seen  in  the  previous  section,  the  deposition 
in  the  stimulated  growth  region  predominantly  occurs  on  crystal  planes  other  than  (001)  due  to  the 
formation  of  the  periodic  surface  ripple  structure. 
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Figure  4.  Raman  scattering  characterization  of  photostimulated  (a)  GaAs  and  (b)  AlGaAs, 


In  the  AlGaAs  spectra  we  see  both  GaAs-  and  ALAs-  like  LO  and  TO  phonons.  Unlike  in  the  case  of 
GaAs,  the  TO  phonons  are  comparable  in  intensity  to  the  IX)  phonons.  Since  double  crystal  x-ray 
diffraction  (DCXRD)  measurements  of  the  AlGaAs  layer  grown  in  the  dark  exhibited  a  narrow  linewidth, 
which  confirms  good  crystal  quality,  we  attribute  the  presence  of  the  TO  modes  to  alloy  related  disorder. 
The  enhancement  of  the  TO  mode  relative  to  the  LO  mode  for  AlGaAs  grown  in  the  light,  like  for  the 
GaAs  sample,  is  due  to  the  deviation  from  the  (001)  growth  direction. 


4.  Conclusion 

In  summary,  UV  growth  enhancement  for  AlGaAs  growth  from  TMG,  TMA  and  arsine  at  wavelengths 
around  240  nm  is  due  to  photostimulation  of  the  adlayer  reactions.  We  achieved  a  high  growth  contrast 
of  3.2  :  1  and  found  that  the  photostimulation  of  the  adlayer  reactions  ceases  for  photon  energies  less 
than  4.91  eV  under  our  growth  conditions.  The  generation  of  the  laser-induced  surface  periodic  structure 
results  in  growth  other  than  the  (100)  direction.  Despite  this  significant  surface  perturbation,  the 
selectively  grown  features  show  good  crystalline  quality. 


References: 

[1]  Nishizawa  J.-I.,  Abe  H.,  Kurabayashi  T.  and  Sakurai  N.  1986  J.  Vac.  Set.  Technol.  A4  706 

[2]  Farrell  T.,  Armstrong  J.V.,  Joyce  T.B.,  Bullougb  T.J.,  Kightely  P.  and  Goodhew  P.J.  1992  J.  Cryst.  Growth  120  395 

[3]  Piitz  N.,  Heinecke  H.,  Veuhoff  E.,  Arens  G.,  Heyen  M.,  Luth  H.  and  Balk  P.  1984  /.  Cryst.  Growth  68  194 

[4]  Balk  P.,  Heinecke  H.,  Piitz  N.,  PlassC.  and  Liith  H.  1986  7.  Vac.  Sci.  Technol.  A4  711 
[51  Donnelly  V.M.  and  McCaulley  J.A.  1989  Appl.  Phys.  Lett.  54  2458 

[6]  Sasaki  M.,  Kawakya  Y.,  Ishikawa  H.  and  Mashita  M.  1989  Appl.  Surface  Sci.  41/42  342 

[7]  McCaulley  J.A.,  McCrary  V.R.  and  Donnelly  V.M.  19897.  Phys.  Chem.  93  1148 

[8]  Nishizawa  J.,  Kokubun  Y.,  Shimawaki  H.  and  Koike  M.  1985  7.  Electrochem.  Soc.  132  1939 

[9]  Suzuki  H.,  Mori  K.,  Kawasaki  M.  and  Sato  H.  1988  Mat.  Res.  Soc.  Proc.  Vol.  101  217 

[10]  Cullis  A.G.  1985  Rep.  Prog.  Phys.  48  1157. 

[11]  Farrell  T.,  Armstrong  J.V.,  Beanland  R.,  Bullough  T.J.,  Joyce  T.B.  and  Goodhew  P.J.  1993  Semicond.  Sci.  Technol. 

8  1112 

[12]  Kumagai  H.,  Toyoda  K.,  Machida  H.  and  Tanaka  S.  1991  Appl.  Phys.  Lett.  59  2974. 

[13]  Sipe  J.E.,  Young  J.F.,  Preston  J.S.  and  van  Driel  H.M.  1983  Phys.  Rev.  B  29  1141. 

[14]  Young  J.F.,  Preston  J.S.,  van  Driel  H.M.  and  Sipe  J.E.  1983  Phys.  Rev.B  29  1155. 


49 
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Abstract  Metamorphic  buffer  layers  were  grown  by  MBE  on  GaAs-substrates  using  linearly  graded  InAlAs 
and  InGaAlAs  buffers  to  accommodate  lattice  misfit.  The  surface  morphology  was  investigated  by  AFM,  the 
relaxation  behavior  of  the  metamorphic  buffers  are  studied  by  high  resolution  X-ray  diffraction.  The  degree  of 
relaxation  is  86%  for  the  ternary  buffer  and  90%  for  the  quarternary  buffer.  Increasing  the  final  In-composition 
of  the  buffer  up  to  a  value  of  0.63,  the  Ino  52Alo.48As/Ino  ssGag  47AS  layers  on  top  of  the  metamorphic  buffer 
are  unstrained.  Transport  properties  of  2DEG-structures  approach  those  of  lattice  matched  reference  samples 
on  InP-substrates. 


1.  Introduction 

Metamorphic  buffer  layers  allow  the  arbitrary  combination  of  active  semiconductor  structures  with  sub¬ 
strates  having  different  lattice  constants.  These  buffers  are  essential  to  accommodate  the  lattice  mis¬ 
match  between  the  active  layers  and  the  substrate  in  a  controllable  way,  to  generate  a  new  substrate  with 
desired  lattice  constant  and  moderate  dislocation  densities.  Modulation  doped  InAlAs/InGaAs-hetero- 
structures,  with  their  inherently  high  electron  densities  and  mobilities,  are  the  ideal  basis  for  ultrafast, 
low  noise  transistors  [1].  Their  superior  device  performance  can  be  combined  with  the  advantages  of 
large,  less  expensive  substrates  by  growth  on  GaAs-substrates. 

In  this  paper  we  compare  the  layer  properties  of  MBE  grown  metamorphic  InAlAs/InGaAs-heterostmc- 
tures  on  3“  GaAs-substrates  with  lattice  matched  structures  on  2“  InP-substrates.  We  study  linear 
graded  buffer  layer  concepts  to  compensate  the  lattice  misfit  using  ternary  In^^Ali.^As  and  quartemary 
In^GayAli.x.yAs  buffers.  High  bandgap  buffer  material  is  used  to  avoid  parasitic  conductance  at  the 
interface  between  the  graded  buffer  and  the  active  layers  of  transistor  stmctures  [2].  With  industrial 
application  in  mind,  the  thickness  of  the  buffer  layer  was  kept  around  one  (im. 


2.  Growth  and  characterization  of  metamorphic  buffers 

The  properties  of  the  active  layers,  e.g.  the  morphology  and  the  electron  mobility  in  modulation  doped 
stmctures  depend  on  the  composition  and  growth  conditions  of  the  buffer  layers.  All  epitaxial  layers 
were  grown  by  MBE  in  a  Varian  Modular  Gen  11  at  a  constant  AS4  flux  beam  equivalent  pressure  (bep) 
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of  2.0  ■  10'^  torr.  The  growth  rates  were  calibrated  by  X-ray  measurements  of  lattice  matched  layers  on 
InP  substrates.  Because  the  effusion  cell  temperatures  have  to  be  varied  during  the  growth  of  linearly 
graded  buffer  layers,  we  have  to  calibrate  the  flux-growth  rate  relation  at  different  cell  temperatures.  All 
buffers  were  grown  with  a  constant  grading  of  50%  In/pm.  On  top  of  the  metamorphic  buffers,  heterost¬ 
ructures  for  transport  measurements  were  grown.  They  consist  of  250  nm  InAlAs  sandwiched  between 
two  superlattices  followed  by  an  InGaAs-channel  with  32  nm  and  a  low  Si-doping  with  a  thick  spacer  of 
15  nm,  as  used  on  InP-substrates  for  comparison. 

The  first  metamorphic  buffer  is  a  linear  grading  of  InAlAs,  starting  with  Ing  o3Alo,97As  and  increasing 
the  In-content  up  to  Xj^  =  0.52.  The  optimum  substrate  temperature  is  420  "C,  yielding  moderate  aniso¬ 
tropic  cross  hatching  with  3  |im  spacing  in  [01-1],  1.7  pm  spacing  in  [011]-direction  and  a  mean  surface 
roughness  of  5+0.7  nm,  indicating  the  existence  of  misfit  dislocations  with  a  two  dimensional  layer  by 
layer  growth  mode  [3].  Increasing  the  growth  temperature  to  530  °C  yields  a  surface  roughness 
enhanced  by  a  factor  of  8,  while  low  temperatures  of  350  °C  result  in  rough,  three-dimensional  surfaces. 
The  surface  morphology  was  improved  by  using  quartemary  InGaAlAs  buffers.  The  In-content  is 
increased  linearly,  the  ratio  of  Ga  and  A1  concentration  is  adjusted  to  a  constant  bandgap  of  1 .48  eV. 
Since  Ga-adatoms  are  more  mobile  than  Al-adatoms  on  the  growth  surface,  lower  growth  temperatures 
can  be  used.  We  obtained  the  smoothest  morphology  using  a  linear  temperature  ramp  from  350  °C  at  the 
beginning  of  the  buffer  to  390  °C  at  the  end.  The  anisotropic  cross  hatch  spacing  is  also  reduced  by 
10%.  Though  the  effusion  cells  have  to  be  varied  over  a  wide  temperamre  range  (the  In-source  for  about 
130  °C),  linear  grading  in  the  metamorphic  buffer  is  achieved.  We  verified  the  exact  linear  composition 
by  SMS  measurement  (Figure  1). 
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Fig.  I :  SIMS  measurement  of  linear  graded  metamorphic  buffers:  a)  ternary  InAlAs,  b)  quartemary  InGaAlAs. 


The  relaxation  behavior  of  the  metamorphic  buffers  was  studied  by  high  resolution  X-ray  diffraction.  A 
Bartels-type  4-crystal  monochromator  in  the  Ge(220)  reflection  mode  was  used  in  the  primary  beam, 
whereas  in  the  diffracted  beam  a  three  reflection  Ge(220)  channel-cut  analyzer  crystal  was  employed. 
Reciprocal  space  maps  describe  much  better  the  relaxation  status  and  the  composition  of  the  metamor¬ 
phic  structures  than  simple  rocking  curves.  Three  different  types  of  linearly  graded  metamorphic  buff¬ 
ers  are  investigated.  Sample  A  consists  of  a  ternary  InAlAs  buffer  grown  at  the  optimum  substrate 
temperature  of  420  °C,  sample  B  has  a  quartemary  InGaAlAs  buffer  with  an  In-content  up  to  52%  and 
sample  C  was  designed  according  to  the  design  of  A.  Sacedon  [4],  based  on  sample  B  with  an  additional 
overshoot  in  the  In-content  of  1 1%  at  the  end  of  the  buffer.  Figure  2  shows  the  (004)  and  (224)  recipro¬ 
cal  space  maps  of  sample  C  measured  with  incident  X-rays  along  [01-1]  and  [011]  direction,  respec¬ 
tively.  Isointensity  lines  are  plotted  in  a  logarithmic  scale  in  arbitrary  units.  The  weak  intensity  beneath 
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the  sharp  substrate  peak  shows  the  reflection  of  the  graded  buffer  regions.  The  centrosymmetric  reflec¬ 
tion  of  the  active  layers  on  top  of  the  buffer  is  elliptical  with  main  axes  parallel  and  perpendicular  to  the 
[hkl]  directions,  indicating  the  absence  of  strain-  and  composition  gradients.  However,  a  broadening 
results  from  bulklike  defects  usually  referred  to  as  mosaicity.  Both  (004)  reflections  are  symmetrical  to 
the  dashed  line  through  the  origin  of  the  reciprocal  space,  indicating  no  macroscopic  tilt  [5].  From  the 
asymmetric  reflection,  one  can  see,  that  the  buffer  is  nearly  completely  relaxed  up  to  an  In-content  of 
52%.  The  parts  with  higher  In-content  are  pseudomorphic,  in  good  agreement  with  the  relaxation  model 
of  Tersoff  [6].  The  in  plane  lattice  constant  on  top  of  the  linear  graded  buffer  is  equal  to  the  material 
composition  of  relaxed  Ioq  52AI0 ^gAs,  therefore,  the  reduction  of  the  In-content  in  the  top  layers  results 
in  unstrained  material.  The  same  measurements  are  made  for  samples  A  and  B,  the  results  are  summa¬ 
rized  in  Table  1 .  Both  samples  are  incompletely  relaxed.  The  ternary  buffer  show  a  large  macroscopic 
tilt  in  the  [011]-direction,  however  in  the  perpendicular  direction  there  is  no  tilt  detected.  A  superior 
property  of  the  quartemary  buffer  compared  to  the  ternary  buffer  is  the  absence  of  tilt  and  an  increased 
degree  of  relaxation.  In  all  samples  the  composition  of  the  active  layers  is  in  good  agreement  with  the 
nominal  value  of  52%. 
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(224)-reflection  (004)-reflection  (004)-reflection 


•0.3M  -o.sae  -o.sro 

flx 


Fig.  2:  Reciprocal  space  mapping  of  the  linear  graded  metamorphic  InGaAlAs  buffer  (Sample  C). 
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(004)-reflection 

(224)-reflection 

(004)-reflection 

tilt 

>‘ln 

degree  of  relaxation 

tilt 

Ternary  InAlAs  52% 

0.56" 

51.2% 

86.4  % 

0.00” 

Quartemary  InGaAlAs  52% 

0.06" 

53.3  % 

89.6% 

0.03” 

Quartemary  InGaAlAs  63% 

-0.02  • 

52.0% 

99.2  % 

-0.03 " 

Tab.  1:  Results  of  the  active  layers  on  top  of  linear  graded  metamorphic  buffers  by  reciprocal  space  mapping. 
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Interface  roughness  and  its  reduction  by  using  different  buffer  layer  structures  were  studied  with  respect 
to  transport  properties  in  2DEG-structures  with  low  carrier  density,  where  interface  scattering  domi¬ 
nates.  The  obtained  mobilities  of  otherwise  identical  structures  on  the  metamorphic  buffers  discussed 
above  are  compared  at  three  different  temperatures  in  Figure  3.  The  metamorphic  buffer  with  the  over¬ 
shoot  in  In-content  has  the  best  mobility  approaching  the  lattice  matched  reference  on  InP-substrate. 
The  carrier  density  n3ooK  =  1.3T0'^cm'^  remains  unchanged.  The  increase  in  surface  roughness  as  mea¬ 
sured  by  AFM  by  growing  the  additional  overshoot  in  In-content  is  insignificant  small. 

The  observed  differences  in  mobility  between  metamorphic  and  lattice  matched  structures  show  the 
effect  of  scattering  by  interface  roughness  and  scattering  at  misfit  dislocations  in  incomplete  relaxed 
active  layers. 


□  ternary  InAIAs 
H  quarternary  InGaAIAs  52% 

■  quarternary  InGaAIAs  63% 

■  lattice  matched  on  InP 


20000  h 

f _ LBI _ I 

300K  77K  4.2K  surface 

Fig.  3:  Mobility  and  surface  roughness  of  linear  graded  metamorphic  buffers. 


3.  Conclusion 

Grading  the  metamorphic  buffer  to  an  In-content  of  0.52  (the  value  of  the  active  layers)  resulted  in 
residual  strain.  Increasing  the  final  In-composition  of  the  buffer  up  to  a  value  of  0.63,  the  Iuq  52AI0 ^gAs 
layers  on  top  of  the  metamorphic  buffer  are  unstrained.  Reciprocal  space  maps  of  this  structure  show  no 
macroscopic  tilt.  Transport  properties  of  2DEG-structures  approach  the  lattice  matched  reference  values 
on  InP-substrate. 
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Abstract.  The  VCZ  technique  is  promising  to  grow  s.i.  GaAs  with  improved  structural  quality.  Its  main  idea 
is  to  pull  the  crystals  in  low  temperature  gradients  to  reduce  the  thermally  induced  stress.  The  dislocation 
density  can  reproducibly  be  decreased  down  to  10''  cm"^  and  below  in  3"  and  4'  crystals.  Within  the  best 
samples  the  radial  dislocation  density  distribution  was  markedly  homogenized  (total  scater  of  a  factor  of  2  to 
3),  Electrical  parameters  of  VCZ  crystals  roughly  match  those  of  conventional  LEC  material. 


1.  Introduction 

The  VCZ  (vapor  pressure  controlled  Czochralski)  technique  is  a  modified  LEC  (liquid  encapsulation 
Czochralski)  method.  Its  main  idea  is  to  grow  s.i.  GaAs  single  crystals  in  lower  temperature  gradients 
of  about  20  to  30  K/cm.  Doing  this  one  is  able  to  i)  reduce  the  non-linearities  of  the  temperature  field 
inside  the  crystal  (thermally  induced  stress)  and  therefore  the  rate  of  dislocation  generation,  and  ii)  in¬ 
crease  the  homogeneity  of  the  radial  and  axial  distribution  of  dislocations.  Contrary  to  other  methods, 
the  VCZ  technique  is  advantageous  to  produce  low  EPD  (etch  pit  density)  material  with  electrical  and 
structural  parameters  close  to  those  of  conventional  LEC.  This  is  an  essential  issue  for  III-V  device 
producers  because  nowadays  most  of  the  commercially  available  s.i.  GaAs  is  produced  by  LEC. 

Application  of  low  temperature  gradients  causes  high  temperatures  of  the  crystal  surface  if  it 
emerges  from  the  protective  boron  oxide  melt.  To  prevent  the  decomposition  of  the  just  grown  crystal 
(arsenic  evaporation)  it  is  surrounded  by  an  additional,  gas-tight,  inner  chamber.  A  pure  arsenic  evapo¬ 
ration  source,  placed  inside  this  chamber,  produces  a  certain  partial  pressure.  This  keeps  the  surface  of 
the  crystal  in  equilibrium  with  the  gas  phase.  A  review  on  VCZ  and  other  low-gradient  III-V  crystal 
grovyth  techniques  is  given  in  [1]. 

The  present  work  focuses  on  further  improvements  of  the  structural  quality  of  VCZ  s.i.  GaAs 
crystals  and  their  electrical  properties. 


2.  Experimental 

In  the  KZ  labs  two  pullers  (Cl  358,  LPA  Mark  3)  are  applied  to  investigate  the  VCZ  technique.  The 
irmer  chamber  is  similar  constructed  in  both  cases  however,  the  arsenic  source  is  placed  in  the  upper 
and  lower  part  of  the  assemblies,  respectively.  For  more  details  on  VCZ  please  see  e.g.  [2]  and  [3] 

To  analyze  the  as-grown  crystals  several  techniques  were  used:  standard  KOH  etching  at  400°C 
for  EPD  measurements;  imaging  in  specularly  reflected  light  at  etch  pit  facets  ([4])  for  EPD  mapping; 
standard  Hall-technique  in  van  der  Pauw  geometry  for  resistivity  and  carrier  mobility;  infrared  local 
vibrational  mode  analysis  (LVM)  for  carbon  concentration;  near  infrared  absorption  at  room  tempera¬ 
ture  for  EL2°  and  photoelastic  measurements  for  residual  stress. 
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3.  Results  and  discussion 

3. 1  arsenic  partial  pressure 

Developing  the  VCZ  technique  a  key  point  was  to  tighten  the 
inner  chamber.  This  was  successfully  reached  with  solid  seal¬ 
ing.  Today  it  is  possible  to  maintain  the  arsenic  partial  pressure 
during  the  whole  run  (=30  h)  with  only  a  low  arsenic  lost.  Thus, 
the  crystals  show  perfectly  mirror-like  surfaces  without  any 
traces  of  Ga-rich  inclusions  or  decomposition  effects  (Fig.  1)  as 
formerly  described  in  [3],  The  arsenic  partial  pressure,  required  Fig.  1  as-grown  3  "  (left)  and  4  "  (right) 
to  stabilize  the  solid  GaAs  phase,  is  comparably  low  at  around  VCZ  GaAs  crystals 
(0.01-0.05)  MPa  depending  on  the  crystal  surface  temperature. 

Thus,  the  growing  crystal  is  stabilized  near  the  Ga-saturated  solidus  of  the  existence  region  of  GaAs. 


3.2  axial  and  radial  EPD  distribution 


The  etch  pit  density  has  been  continuously  decreased  in  the  past  two  years.  Best  local  minima  lied  at 
around  2x10^  cm'^.  Photoelastic  measurements  showed  that  the  residual  stresses  in  the  top  regions  of 
the  crystals  are  markedly  higher  than  at  their  tails.  However,  the  dislocation  density  is  roughly  uniform 
from  top  to  tail,  e.g.  dislocations  are  generated  mainly  in  the  top  regions  of  the  crystals  prolonging  to 
their  ends.  Thus,  the  main  attention  for  decreasing  the  dislocation  density  has  to  be  focused  to  the  first- 
to-ffeeze  part  of  the  crystal.  It  has  been  ascertained  that  the  following  pre-conditions  are  advantageous 
for  lowering  the  EPD: 

•  Application  of  new  high-tech  thermal  insulation  materials  in  the  furnace  to  optimize  the  temperature 
field  inside  the  growing  crystal.  This  issue  was  successfully  supported  by  global  numerical  simula¬ 
tions  of  the  furnace  interior. 

•  Careful  adjustment  of  crystal  and  crucible  rotations  respectively,  to  get  a  nearly  planar  solid-liquid 
interface  by  influencing  the  fluid  flow  in  the  melt. 

•  Lowering  the  flight  of  the  boron  oxide  melt  (similar  results  were  recently  reported  in  [5]). 

•  Flat  shape  of  the  seed  cone  part  of  the  crystal. 

In  detail,  the  last  two  points  are  also  advantageous  to  homogenize  the  radial  EPD  distribution.  Fig.  2 
shows  examples  of  3"  and  4"  wafers  with  very  high  homogeneity  (scatter  of  a  factor  of  2-3).  In  con¬ 
trary,  it  has  turned  out  that,  at  least  in  the  VCZ  case,  high  boron 
oxide  melt  and  conical  crystal  top  shapes  are  pre-conditions  for 
the  well  known  w-shaped  radial  EPD  distribution.  However,  all  of 
those  tendencies  can  only  be  pointed  out  for  EPD’s  at  around  10'* 
cm  . 

Fig.  3  shows  the  current  stage  for  4"  crystals.  Obviously,  the 
EPD  can  reproducibly  be  adjusted  at  and  below  10“'  cm'^  within 
the  main  parts  of  the  sample  area.  The  very  good  homogeneity  is 
also  clearly  illustrated  by  EPD  mappings  shown  in  fig.  4.  Unfortu¬ 
nately,  there  are  still  some  problems  with  slip  line  generation  near 

Fig.  2  homogeneous  radial  EPD  distribu¬ 
tion  in  3  "  and  4"  crystals 
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the  edges.  However,  recent  results  are  promising  to  overcome  this 
problem. 

Cooling-down  rates  of  the  just  grown  crystals  are  also  essen¬ 
tial  for  obtaining  low  dislocation  densities.  In  the  first  crystals, 
grown  in  the  KZ  labs,  the  EPD  was  found  to  increase  from  top  to 
tail.  This  effect  could  be  suppressed  by  considerably  lowering  the 
cooling-down  rates  compared  to  conventional  LEC:  The  axial 
EPD  distribution  became  nearly  uniform.  An  explanation  can  be 
given  by  the  dynamic  theory  of  dislocations  [6]:  The  effective 
shear  stress  decreases  with  the  square  root  of  the  dislocation  den¬ 
sity  itself  Thus,  lower  dislocation  densities  increase  the  effective 
shear  stress  and  eonsequently,  the  dislocation  generation  rate. 

Generally,  all  types  of  dislocation  arrangements,  known  from  LEC,  like  cells,  lineages  and  random 
distribution  are  also  found  in  VCZ  crystals.  However,  the  average  cell  diameters  are  larger  than  in  or¬ 
dinary  LEC  crystals  (=lmm).  Additionally,  the  cell  structure  tends  to  vanish  with  decreasing  disloca¬ 
tion  density  (less  than  l-2x  10'*  cm'^)  leaving  randomly  distributed  dislocations. 


Fig.  3  recent  EPD  results  of  4"  crystals 


3.3  electrical  parameters 

With  respect  to  electrical  parameters,  the  crystals  have  to  be 
sorted  into  two  categories.  From  economical  reasons  most  of  the 
GaAs  was  multiple  used  to  study  structural  properties.  The  mate¬ 
rial  is  still  semi-insulating  but,  it  exhibits  a  large  scatter  in  the 
electrical  behavior  due  to  creeping  incorporation  of  impurities. 
The  specific  resistance  lies  at  and  above  10*  Qcm  while  the  Hall 
mobility  mostly  shows  values  ^5000  cm^Ws.  Thus,  it  is  only  sen¬ 
sible  to  examine  material  being  truly  single  used.  For  those  as- 
grown  crystals  typical  parameters  are:  resistivity  (2-6)xl0^  Qcm, 
carrier  mobility  (5500-7000)  ctt^Ns.  Best  values  for  the 
normalized  standard  deviation  within  a  single  sample  were  found 
to  be  <10%  for  resistivity  and  Hall  mobility,  respectively.  These 
values  are  close  to  standard  LEC  material.  However,  the 
reproducibility  needs  to  be  improved. 

3. 3. 1  carbon  content 


Fig.  4  EPD  mapping  after  [4] 


Carbon  incorporated  in  GaAs  (Cas)  acts  as  a  shallow  acceptor  and 

is  used  to  generate  n-type  semi-insulating  material  by  fully  compensating  residual  shallow  donors  and 
partially  ionizing  EL2.  Thus,  the  carbon  concentration  is  of  special  interest  for  s.i.  GaAs  crystal  growth. 
Its  axial  distribution  is  also  different  for  both  categories  of  GaAs  as  mentioned  above.  While  the  carbon 
content  lies  at  about  (l-2xlo'®  cm  *)  in  multiple  used  material,  it  was  found  to  be  approximately  (1- 
4x1  o'*  cm"*)  in  single  used  one.  In  the  first  case,  the  carbon  concentration  decreases  towards  the  ends 
of  the  crystals.  This  is  consistent  with  the  segregation  coefficient  of  carbon  in  GaAs  (k=2).  Single  used 
material  shows  the  opposite  behavior.  Here  we  find  increasing  carbon  concentrations  towards  the 
crystal  tails.  This  effect  can  be  explained  by  the  well  known  carbon  incorporation  from  the  gas  phase 
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during  growth.  Additionally,  this  is  supported  by  the  observation  that  the  total  carbon  concentration 
increases  continuously  from  run  to  run  in  multiple  used  material. 


3.3.2  EL2° 

Best  values  for  the  normalized  standard  deviation  of  EL2°  within  a  single  sample  were  found  to  be  in 
the  range  of  (3-7)%.  This  is  a  very  good  result  for  as-grown  material  (commercial,  post  growth  an¬ 
nealed  standard  LEG  material:  «5%).  But  again,  reproducibility  needs  to  be  improved. 

The  total  content  of  EL2°  shows  a  larger  scatter:  (0.7-1.5)xl0'®  cm’^  This  may  be  caused  by 
several  reasons  like:  i)  different  cooling-down  rates  after  growth  (generation  of  EL2°  at  around  1100 
°C),  ii)  different  melt  compositions  of  multiple  used  material  (Ga  enrichment)  and  iii)  the  different 
amount  of  boron  oxide  used  (the  lower  the  boron  oxide  hight,  the  more  the  arsenic  is  able  to 
communicate  with  the  GaAs  melt  i.e.  diffuse  through  the  boron  oxide),.  Unfortunately,  this  is  not  yet 
satisfactorily  understood. 


4.  Summary 

It  could  be  shown  that  the  VCZ  technique  is  able  to  improve  the  structural  quality  of  3"  and  4"  s.i. 
GaAs  markedly  by  roughly  maintaining  the  electrical  properties  of  conventional  LEG  material.  In  some 
cases  the  data  of  commercially  available  s.i.  GaAs  (i.e.  post  growth  annealed)  were  reached  by  as- 
grown  crystals.  However,  reproducibility  is  still  too  low  and  has  to  be  improved. 
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Abstract  The  interface  quality  of  InAIAs/InGaAs  heterostructures  used  in  High-Electron-Mobility-Transistors 
(HEMTs)  is  evaluated  as  a  function  of  growth  interruption  time,  using  photoreflectance  spectroscopy  on  250A 
InGaAs  single  quantum  wells  between  InAlAs  layers.  Assessment  of  the  interface  roughness  is  derived  from  the 
broadening  of  the  high  order  quantum  confined  transitions.  The  higher  the  growth  interruption  time,  the  smaller 
the  interface  roughness  as  derived  from  PR  measurements.  The  results  are  in  good  agreement  with  higher  elec¬ 
tron  mobility  values  measured  by  Hall  effect. 


1.  Introduction 

InGaAs/InAlAs  High  Electron  Mobility  Transistors  (HEMT)  have  demonstrated  excellent  electrical  char¬ 
acteristics  using  MBE  grown  layers  [1,2].  The  performance  of  HEMTs  based  on  metalorganic  chemical 
vapor  deposition  (MOCVD)  can  also  be  good  provided  that  special  attention  is  paid  to  the  growth  of  low 
background  density  InAlAs  and  a  good  quality  InGaAs-channel/InAlAs-spacer  interface.  The  latter  is  par¬ 
ticularly  important  for  ensuring  good  transport  properties  in  the  two  dimensional  electron  gas  channel  and 
is  the  subject  of  the  studies  reported  in  this  paper.  A  growth  interruption  time  is  generally  used  at  the  in¬ 
terface,  as  it  is  expected  to  reduce  interface  roughness;  however,  it  may  also  introduce  undesirable  impu¬ 
rities.  A  compromise  has  to  be  found,  and  for  that  purpose,  photoreflectance  (PR)  spectroscopy  and  photo¬ 
luminescence  (PL)  measurements  were  employed  in  this  work  to  study  the  interface  roughness  in  250A 
InGaAs  single  quantum  wells  (QW),  typical  of  InP-based  HEMT  designs.  Physical  parameters  derived 
from  PR  spectra  analysis  (energy  levels  and  broadening  parameters)  are  compared  with  theoretical  deter¬ 
minations,  and  also  with  complementary  Hall  effect  measurements. 

2.  Experiment 

The  evaluated  samples  consisted  of  a  250A  InGaAs  QW,  with  InAlAs  barriers  on  InP  substrates.  The 
structures  were  grown  by  MOCVD  at  Tg  =  bSO^C  which  was  found  to  be  the  optimum  temperature  for 
low  background  carrier  concentration  [3].  Different  growth  interruption  times  were  studied  (Os,  5s  and 
15s)  between  the  moment  that  group-ffl  sources  for  InGaAs  (Trimethylindium  (TMIn)  and  trimethylgal- 
lium  (TMGa)  are  turned  off  and  that  when  sources  for  InAlAs  (TMIn  and  trimethylaluminium  (TMAl)) 
are  turned  on.  The  indium  concentration  in  the  barrier  AlInAs  layer  was  measured  by  double  X-ray  dif¬ 
fraction  and  estimated  to  be  about  51%. 

Room  temperature  PR  measurements  are  performed  using  a  standard  experimental  set  up  [4],  us¬ 
ing  a  150W  quartz  tungsten  halogen  lamp  as  the  probe  beam,  and  an  HeNe  laser  as  the  pump  beam.  PL 
measurements  are  performed  at  low  temperature  (lOK)  using  an  Ar-ion  laser  as  the  excitation  source  and  a 
cooled  Germanium  photodetector. 
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3.  Results  and  discussion 

3.1  Photoluminescence  results 

The  photoluminescence  spectra  recorded  at  low  temperature  (lOK)  are  plotted  for  the  three  samples  in 
figure  1 .  The  shape  of  the  PL  peak  from  the  quantum  well  is  typical  of  that  of  doped  structures,  with  a 
high  energy  feature  corresponding  to  recombinations  between  electrons  and  localized  holes  at  the  interface 
[5],  The  full  width  at  half  maximum  AE  of  the  PL  peak  is  roughly  equal  to  Ef  -  Ei,  which  is  related  to  the 
2D  electron  gas  density  ns  by  [6]: 

AE=E^-E,=^-^  (1) 

4;rm 

where  h  is  the  Planck  constant  and  m*  the  electron  effective  mass.  Using  this  expression,  the  electron  gas 
density  in  the  quantum  well  has  been  estimated  in  each  sample.  Results  are  given  in  table  1  together  with 
those  obtained  from  room  temperature  Hall  measurements.  Both  techniques  give  the  same  order  of  magni¬ 
tude  and  do  not  exhibit  significant  variations  as  the  growth  interruption  time  is  varied.  The  high  residual 
carrier  concentration  is  commonly  observed  in  MOCVD  grown  AlInAs  layers. 


Table  1 :  Electron  gas  density  estimated  from  PL  and  from 
Hall  measurements. 


Growth  FWHM  n,  (cm'^)  nj  (cm'^) 
interruption  (meV)  (PL)  (Hall) 

time  (s)  (PL) 

^Os  69  2.4  10'^ 

5s  68  1.5  10'^  2.3  10'^ 

iSs  72  1.6  10'^  3  10‘^ 

Enerfy  (eV) 

Fig.  1:  Low-temperature  (I OK)  PL  spectra  of  the  samples 
for  different  growth  interruption  times:  Os,  5s,  15s. 

Hall  measurements  give  values  of  electron  gas  density  nearly  twice  as  high  as  PL  technique.  This 
is  attributed  to  the  fact  that  the  Hall  effect  is  sensitive  to  an  average  electron  density  in  the  structure,  and  is 
influenced  not  only  by  the  2D  gas  but  also  by  the  bulk  AlInAs  layer  and  namely  by  electrons  at  the  sub¬ 
strate  interface.  The  total  PL  intensity  is  reduced  by  a  factor  of  ten  for  the  longer  growth  interruption  time 
(15s),  whereas  it  does  not  change  significantly  for  an  interruption  time  of  5s.  This  indicates  that  growth 
interraption  favors  the  incorporation  of  non-radiative  impurities  at  the  interface  only  when  the  growth 
interruption  time  exceeds  10s. 

3.2  Photoreflectance  results 

A  typical  PR  spectrum  recorded  at  room  temperature  for  the  15s  growth  interruption  time  sample  is  plot¬ 
ted  in  figure  2.  Several  transitions  are  clearly  resolved  for  energies  larger  than  O.SeV  and  are  attributed  to 
allowed  optical  transitions  EjHi  between  quantum  confined  electron  Ej  and  heavy  hole  Hi  levels  in  the 
InGaAs  quantum  well.  At  energies  lower  than  O.SeV,  a  large  and  wide  signal  is  recorded,  which  is  typical 
of  the  PR  spectra  in  doped  structures  [7],  and  which  prevents  the  lower  confined  transition  EjHj  lying  be- 
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low  the  Fermi  level  being  seen.  The  PR  peak  which  arises  near  1.35eV  comes  from  the  InP  substrate,  and 
the  1.5eV  PR  peak  is  attributed  to  the  AlInAs  barrier  layer.  This  energy  gap  is  higher  than  the  gap  com¬ 
monly  observed  in  Alo,48lno,52As  lattice  matched  to  InP  [8],  and  this  indicates  an  Al-rich  alloy  in  good 
agreement  with  DDX  measurements  (Xh  =  51%).  The  AlInAs  PR  feature  is  very  large,  it  is  an  indication 
for  modulation  composition  in  this  alloy  [9], 


Fig.  2:  Room  temperature  PR  spectra  of  samples  for  15s  growth  interruption  time. 

The  PR  transitions  corresponding  to  the  quantum  confined  levels  in  the  quantum  well  are  fitted 
using  the  First  Derivative  Functional  Form  of  the  dielectric  function,  which  is  appropriate  in  the  case  of 
confined  systems  [10].We  have  used  a  mathematical  model  based  on  a  Gaussian  absorption  profile,  with 
four  adjustable  parameters  (energy,  broadening  parameter,  amplitude  and  phase)  to  fit  each  quantum  well 
PR  feature  in  the  spectra.  The  transition  energies  are  in  good  agreement  with  theoretical  predictions  for  a 
quantum  well  slightly  larger  (26nm)  than  the  nominal  thickness  (25nm)  with  51%  indium  composition  in 
AlInAs  barriers.  The  broadening  parameter  Fn  of  the  quantum  confined  transition  was  found  to  increase 
with  the  quantum  index  n  of  the  transition.  For  the  high  order  quantum  transitions  (n  =  4  to  6),  a  decrease 
of  Fn  is  observed  as  soon  as  a  growth  interruption  is  performed.  The  deerease  is  all  the  more  important  as 
the  growth  interruption  time  is  longer  (up  to  15s). 

3.3  Discussion 

In  the  InGaAsAnAlAs  system,  a  Gaussian  absorption  profile  is  assumed.  We  take  into  account  the  two 
main  inhomogeneous  scattering  phenomena  responsible  for  the  broadening  (F)  of  optical  transitions:  the 
alloy  disorder  (Fo)  and  the  interface  roughness  (Fi).  Each  of  this  phenomenon  being  Gaussian,  the  result¬ 
ing  broadening  parameter  can  be  expressed  as  follows: 

F  =  Vff^  (2) 

In  an  ideal  infinite  quantum  well  the  quantum  confined  energy  levels  can  be  expressed  as  a  function  of 
quantum  well  width  Lqw,  electron  effective  mass  m*  and  quantum  index  n.  If  some  interface  roughness  is 
suspected,  then  Lqw  is  supposed  to  vary  by  ALqw  and  this  implies  a  broadening  of  energy  levels  AEn-  The 
level  broadening  Fi  due  to  interface  roughness  (equal  to  AE„)  is  proportional  to  the  square  of  quantum 
index  n.  Therefore,  high  quantum  index  transitions  are  expected  to  be  more  sensitive  to  interface  rough¬ 
ness  than  lower  transitions.  Moreover,  the  parabola  coefficient  is  proportional  to  ALqw  which  is  the  ampli¬ 
tude  of  interface  roughness.  The  general  expression  for  F„  can  then  be  expressed  as  follows: 
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r„=7r^TKV  (3) 

where  K  is  a  proportionality  coefficient  containing  quantitative  information  about  interface  roughness. 

We  have  plotted  in  figure  3  for  the  15s  growth  interruption  sample  the  evolution  as  a  function  of  n, 
of  r„  as  determined  from  PR  spectra.  The  solid  lines  is  the  theoretical  curve  from  equation  (3)  fitted  to 
experimental  results.  The  evolution  of  T  is  well  fitted  by  this  theoretical  expression  even  though  the 
model  of  an  ideal  infinite  quantum  well  is  not  real. 

Figure  4  shows  the  evolution  of  the  K  coefficient  with  growth  interruption  time.  A  clear  decrease 
is  shown  for  high  growth  interruption  times.  This  suggests  the  reduction  of  interface  roughness  by  growth 
interruption  at  the  interface.  This  trend  is  in  good  agreement  with  the  evolution  of  mobility  as  a  function 
of  toi  which  is  also  plotted  and  exhibits  an  increase  for  large  growth  interruption  times. 


Fig.  3:  Evolution  of  broadening  parameters  of  QW  transi¬ 
tions  as  a  function  of  quantum  index  n,  for  15s  growth  Fig.  4:  Evolution  of  K  coefficient  and  mobility  as  a  func- 

interruption  time.  tion  of  growth  interruption  time. 


4.  Conclusions 

InGaAs  single  quantum  wells  in  InAlAs  barriers  have  been  grown  by  MOCVD  with  different  growth  in¬ 
terruption  times  at  the  well  interfaces.  Low  temperature  PL  showed  the  existence  of  a  2D  electron  gas  in 
the  well,  and  allowed  the  estimation  of  gas  density  in  agreement  with  Hall  measurements.  A  large  growth 
interruption  time  (15s)  introduces  non-radiative  impurities  at  well  interfaces.  Despite  the  high  residual 
doping  level  of  the  layers,  room  temperature  PR  measurements  were  performed,  and  showed  that  the 
broadening  parameter  of  quantum  confined  transitions  varies  quadratically  with  quantum  index  n.  Growth 
interruption  times  up  to  15s  were  shown  to  reduce  interface  roughness.  The  results  are  in  good  agreement 
with  an  increase  of  Hall  mobilities  as  the  growth  interruption  time  is  increased. 
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Abstract.  An  investigation  of  the  structural,  chemical  and  optical  properties  of  a  novel  metal- 
semiconductor  alloy  based  on  CdTe  and  Cu  is  presented.  The  samples  were  prepared  as  thin  films  in  a 
magnetron  rf  sputtering  system  at  various  substrate  temperatures.  On  the  basis  of  chemical  analyses 
carried  out  by  Auger  spectroscopy  and  energy  dispersive  X-ray  analysis,  it  was  concluded  that  a  novel 
semiconducting  alloy  had  been  created;  CuxCdi.xTe.  It  was  also  determined  that  the  crystalline  structure 
and  optical  band  gap  of  CdTe  was  not  severely  affected  by  the  inclusion  of  Cu  atoms  for  values  of  x  up  to 
8.0  at.%.  On  the  other  hand,  it  was  observed  that  the  transport  properties  changed  drastically  since  in 
some  cases  the  resistivity  of  the  films  decreased  by  seven  orders  of  magnitude  with  respect  to  pure  CdTe 
films  grown  in  similar  conditions.  The  copper  concentration  had  influence  on  the  mean  grain-size  of  the 
polycrystalline  films  and  on  the  appearance  of  the  hexagonal  phase. 


1.  Introduction 

The  search  for  new  materials  is  one  of  the  areas  in  materials  science  where  intensive  efforts  are  devoted 
nowadays.  Within  this  field,  semiconducting  materials  play  a  central  role  because  of  their  own 
standpoint  in  the  development  and  improvement  of  electronic  and  opto-electronic  devices.  Among  the 
II- VI  compounds,  cadmium  telluride  (CdTe)  has  been  the  base  of  important  ternary  semiconductors 
such  as  HgxCdi-xTe,  ZnxCdi.xTe,  which  are  of  interest  for  infrared  technology,  and  Mni-xCdxTe,  which 
plays  a  central  role  among  the  family  of  diluted  magnetic  semiconductors. 

In  this  work  we  present  the  results  of  an  investigation  carried  out  to  develop  thin  films  of  a  novel 
semiconductor  material  based  on  CdTe  and  Cu:  Cu^Cdi.xTe.  From  simple  chemical  arguments,  the 
inclusion  of  copper  atoms  into  the  CdTe  lattice  as  a  substituting  element  for  cadmium  is  appealing 
because  of  the  following  considerations:  a)  the  ionic  radii  are  0.97  and  0.96  angstroms  for  Cd*^  and 
Cu*',  respectively,  b)  the  electronic  configuration  of  copper  is  Ar3d'°4s'  which  favors  the  formation  of 
the  s-p  hybrid  in  the  Cu-Te  bond  as  it  occurs  in  the  case  of  the  Cd-Te  bond  and  c)  the 
electronegativities  of  cadmium  and  copper  have  similar  values  having  a  ratio  of  0.9.  It  will  be  shown 
below  that  the  incorporation  of  copper  into  CdTe,  for  the  concentrations  used  in  this  work,  affects 
mostly  the  transport  properties  while  the  structural  and  optical  parameters  remain  nearly  unaltered.  It 
must  be  mentioned  that  copper-doped  CdTe  samples  have  previously  been  prepared  and  studied,  with 
the  emphasis  being  placed  on  diffusion  processes  [1],  copper-induced  defects  [2]  and  the  change  in 
transport  properties  when  it  is  doped  with  copper  [3].  Typical  copper  concentrations  in  previous 
studies  have  been  in  the  10'*-10'*  cm'^  range. 
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2.  Experimental  details 

The  Cdi-xCuxTe  thin  films  were  produced  in  a  Plasma  Sciences  CrC-100  rf  planar  magnetron  sputtering 
system.  The  sputtering  chamber  had  a  base  pressure  of  about  S^IO'®  Torr,  The  substrates  were  made 
from  Coming  glass  7059  and  were  situated  at  6.5  cm  from  a  2” -target.  The  target  was  elaborated  by 
compressing  an  appropriate  mijrture  of  -325-mesh  powders  of  high  purity  CdTe  and  Cu  at  20  ton/cm^. 
The  copper  concentrations  used  to  fabricate  the  targets  were  5,10  and  15  molar  %.  The  argon  pressures 
in  the  vacuum  chamber  were  fixed  at  4  mTorr  and  the  radiofrequency  power  was  in  the  80-85  W  range. 
The  substrate  temperatures  (T,)  were  set  at  20,  120  and  180“C  for  different  mns.  The  thicknesses  of  the 
films  varied  between  1.5  to  4.0  pm  depending  upon  deposition  times. 

The  surface  morphology  of  the  films  was  studied  by  atomic  force  microscopy  which  showed  that 
the  grain  size  was  homogeneous.  The  crystalline  structure  was  analyzed  by  carrying  out  X-ray 
diffraction  scans  performed  over  14  hours,  giving  an  excellent  signal-to-noise  ratio  so  that  the  weak 
intensity  peaks  could  easily  be  identified.  A  silver  dot  was  pasted  onto  the  film  surfaces  to  serve  as  a 
reference  so  that  peak  shifts  due  to  instrumental  effects  could  be  corrected  for.  Because  of  this,  we  are 
confident  that  the  accuracy  of  the  d-spacings  is  better  than  one-hundredth  of  an  angstrom. 

The  chemical  composition  was  determined  from  Auger  and  energy  dispersive  X-ray  analysis 
(EDX).  The  band  gap  was  obtained  from  both  photoreflectance  and  optical  absorption  measurements 
carried  out  at  room  temperature. 


3.  Results  and  discussion 

The  concentrations  of  Cu,  Cd  and  Te  in  the  films  were  measured  by  Auger  spectroscopy  and  EDX.  The 
results  obtained  by  these  two  techniques  were  similar  and  are  presented  in  Table  1  for  some 
representative  samples.  From  Table  1,  it  is  observed  that  the  Te  concentration  remains  close  to  50  at.%, 
while  the  other  50  at.%  is  complemented  by  both  Cd  and  Cu.  Therefore,  one  may  conclude  that  an  alloy 
of  the  type  Cdi-xCuxTe  was  deposited.  This  conclusion  is  further  supported  by  the  experimental  results 
presented  below  which  also  indicate  that  Cu  atoms  substitute  for  Cd  in  the  CdTe  lattice.  To  the  best  of 
the  authors’  knowledge  this  is  the  first  report  on  a  semiconducting  alloy  based  on  CdTe  and  Cu. 

X-ray  diffraction  patterns  were  measured  for  the  whole  set  of  samples.  In  Fig.l  typical 
diffraction  patterns  of  some  samples  are  shown.  In  these  patterns  the  peaks  labeled  with  an  asterisk 
correspond  to  Ag  dots  used  for  calibration.  Pure  CdTe  crystallizes  in  the  cubic  zincblende  structure, 
although  in  the  case  of  CdTe  thin  films  the  hexagonal  (wurtzite)  phase  has  also  been  observed,  as  this  is 
a  metastable  crystallographic  phase  for  CdTe.  The  X-ray  patterns  indicate  that  the  films  are 
polycrystalline  and  highly  oriented  along  the  (1 1 1)  cubic/(002)  hexagonal  direction.  In  all  cases,  the  full 
width  at  half  maximum  (FWHM)  of  the  peaks  increased  with  copper  content,  indicating  that  the  grain 
size  decreased  with  increasing  amount  of  copper  in  the  film,  see  Table  1.  By  using  the  Scherer  relation, 
it  was  found  that  the  mean  grain  size  was  in  the  21.2-42.4  nm  range  for  as-grown  films. 

The  peaks  related  to  the  hexagonal  phase  were  more  intense  for  films  grown  at  lower  substrate 
temperatures  and  higher  copper  concentrations.  Special  attention  was  paid  to  the  X-ray  diffraction 
traces  of  the  CuxCdi-xTe  films  at  the  (1 1 1)  reflection  region  of  the  cubic  CdTe  phase.  The  positions  of 
these  peaks  were  all  corrected  for  instrumental  errors,  and  yielded  the  values  of  d-spacings  and  FWHMs 
listed  in  Table  1.  Samples  S2  and  S3  possessed  the  narrowest  line  widths  among  the  group.  The  spacing 
d  of  film  S3  agreed  incredibly  well  with  that  of  a  polycrystal  of  pure  CdTe,  for  which  the  line  width 
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Fig.l.  X-ray  patterns  of  representative  Cu,Cd,.,Te  films.  The  peaks  have  been  indexed  according  to  the  zincblende 
structure  of  CdTe.  The  growth  parameters  and  important  X-ray  data  are  given  in  Table  1. 


was  0.21  and  d=3.742  A.  This  corresponds  to  d=aJ-j2  for  ao-6.481  A,  which  is  the  single  crystal 
lattice  constant  of  CdTe.  The  d-spacings  of  the  rest  of  the  samples,  see  Table  1,  are  higher  and 
indicative  of  an  increment  in  the  lattice  parameter  with  respect  to  that  of  CdTe  single  crystals.  It  is 
believed  that  the  thermal  treatment  carried  out  on  sample  S3  improved  its  crystalline  characteristics  by 
increasing  the  crystallite  size,  by  reducing  the  defect  density  and  by  releasing  those  areas  of  the  film 
subject  to  stress  in  such  a  way  that  its  d-spacing  coincides  with  that  of  a  CdTe  single  crystal.  It  was  also 
observed  in  the  diffraction  patterns  that  the  peaks  of  samples  S2  and  S3  are  sharp  and  well  defined, 
which  is  an  indication  of  superior  crystalline  characteristics.  It  is  important  to  note  that  no  copper 
segregation  effects  were  observed  in  the  annealed  sample,  even  after  more  than  six  months  of 


Table  1  Growth  narameters,  composition  and  X-ray  data  of  the  CUxCdi.^Te  films 

Sample 

Copper 

T. 

Film  composition  (at.%) 

(11  l)cubic  /  (002)hexag.  peak 

concentration  in 
target  (molar  %) 

CC) 

Cd 

Cu 

Te 

ti(A) 

FWHM 

SI 

0 

180 

49.6 

- 

50.4 

3.758 

- 

S2 

5 

120 

49.1 

0.8 

50.1 

3.754 

0.14 

S9 

5 

180 

47.8 

1.4 

50.8 

- 

“ 

S3 

5 

180+TT* 

47.6 

1.8 

50.6 

3.743 

0.15 

S4 

10 

180 

42.9 

8.0 

49.1 

3.759 

0.26 

S6 

15 

23 

44.7 

6.5 

48.8 

3.774 

0.33 

*This  case  refers  to  a  sample  grown  at  180°C  which  received  a  thermal  treatment  after  growth  for  3  hours  at  350°C  in 
an  inert  atmosphere 
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storage,  which  is  evidence  about  the  stability  of  copper  in  CdTe  for  concentrations  around  1.8  at.%. 
Sample  S2,  which  also  presented  good  crystalline  characteristics,  had  a  copper  content  of  0.8  at.% 

Finally,  some  extremely  weak  traces  of  CuxTe  were  found  at  20=12°.  These  cases  were 
predominantly  evident  in  samples  grown  at  T,<180°C.  Some  correlation  was  also  found  between  the 
appearance  of  CuxTe  phases  and  the  observation  of  peaks  related  to  the  hexagonal  phase.  It  may  be 
speculated  in  this  case,  that  the  CuxTe  phases  would  take  a  certain  amount  of  Te  out  of  CdTe  so  that 
the  remaining  part  became  slightly  Cd  rich.  This  condition  is  known  to  favor  the  appearance  of  the 
hexagonal  phase  in  CdTe  [4]. 

The  band  gap  (Eg)  of  the  films  was  obtained  by  two  different  methods:  photoreflectance  and 
optical  absorption  spectroscopies.  The  absorption  spectra  were  analyzed  by  fitting  the  region  around  Eg 
to  a  model  of  direct  transitions  between  parabolic  bands.  In  the  case  of  photoreflectance.  Eg  was 
obtained  by  using  the  three-point  method  [5].  These  two  techniques  provided  Eg  values  which  differed 
in  less  than  0.02  eV  for  the  same  samples.  It  was  observed  that  Eg  of  the  alloys  are  lower  than  those  of 
the  CdTe  films  grown  in  the  same  conditions  by  no  more  than  50  meV,  and  that  this  difference  is  a 
minimum  (~10  meV)  for  samples  grown  at  Ts=180°C.  This  result  suggests  that  the  incorporation  of 
copper  into  the  CdTe  lattice  does  not  affect  drastically  the  magnitude  of  the  electronic  band  gap  of 
CdTe. 

Preliminary  electrical  measurements  indicated  that  the  films  were  p-type.  The  samples  measured 
yielded  resistivity  values  which  ranged  from  5.2  x  10^  to  1.0  x  10'^  fi-cm  depending  upon  growth 
conditions  and  copper  content.  These  values  contrast  positively  with  those  of  sputtered  CdTe  films  for 
which  resistivity  values  of  the  order  of  lO’  D-cm  are  typically  found. 


4.  Conclusions 

A  novel  semiconducting  alloy  CuxCdj.xTe  was  prepared  by  rf  sputtering  for  copper  concentrations  in 
the  0. 8-8.0  at.%  range.  The  best  structural  properties  were  found  for  films  with  x<0.02.  Excellent 
crystalline  quality  was  found  in  a  sample  with  x=0.018  which  received  a  thermal  treatment  after  growth. 
It  was  determined  that  the  incorporation  of  copper  into  CdTe  improves  significantly  the  transport 
properties,  while  the  structural  and  optical  parameters  remain  nearly  unchanged. 
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Patterned  high-index  substrates  as  templates  for  novel  quantum-wire 
and  dot  arrays:  Growth  and  potential  applications 
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Abstract.  On  patterned  GaAs  (311)A  substrates  lateral  GaAs/(AlGa)As  quantum  wires  are  formed  by  MBE  at  the 
fast  growing  sidewall  of  mesa  stripes  along  [01-1].  This  new  growth  mode  develops  a  smooth,  convex  surface  profile 
without  faceting.  The  wires  exhibit  narrow  PL  linewidths,  high  PL  efficiency  and  strong  confinement  up  to  room 
temperature.  For  a  given  mesa  height  the  wires  can  be  vertically  stacked  in  three-dimensional  arrays.  Strained 
(InGa)As  quantum  wires  reveal  strongly  enhanced  optical  nonlinearity  due  to  internal  piezoelectric  fields.  In 
different  structures  (InGa)As  islands  can  be  positioned  selectively  on  the  patterned  substrate.  Finally,  in  atomic 
hydrogen  assisted  MBE  step  bunching  across  the  GaAs  wires  forms  arrays  of  quantum  dots  whose  p-PL  spectra  are 
dominated  by  one  single  sharp  line. 


1.  Introduction 

The  natural  formation  of  nanometer-scale  structures  on  high-index  semiconductor  surfaces  during 
MBE  [1]  and  MOVPE  [2]  has  opened  new  pathways  for  the  realization  of  quantum-wire  and  dot 
arrays.  Even  higher  flexibility  in  the  formation  of  nanostructures  can  be  realized  by  growth  on 
patterned  high-index  substrates  where  new  phenomena  in  the  selectivity  of  growth  occur.  Moreover, 
patterning  provides  an  additional  degree  of  freedom  for  the  control  of  the  size  and,  most  important, 
allows  the  precise  positioning  of  the  nanostructures  desired  for  applications  in  devices. 


2.  Formation  of  sidewall  quantum  wires  on  patterned  GaAs  (311)A  substrates 

On  patterned  GaAs  (311)A  substrates  a  new  growth  mode  is  found  to  produce  lateral,  quasi-planar 
quantum-wire  structures  (Fig.  1).  The  wire  formation  relies  on  the  preferential  migration  of  Ga  atoms 


[01-1]  @ 

[.  233]  — ►  Substrate  GaAs  (31 1  )A 


Fig.  1.  (a)  Schematic  of  the  sidewall  quantum  wires  on  patterned  GaAs  (311)A  substrates.  The  broken  arrows  indicate  the 
preferential  migration  of  Ga  atoms.  The  cross-sectional  TEM  image  shows  the  lateral  quantum-wire  structure  connected 
with  a  6  nm  thick  quantum  well  and  clad  by  50  nm  thick  Alo5Gao.5As  barrier  layers. 


66 


from  the  mesa  top  as  well  as  the  mesa  bottom  towards  the  sidewall  of  10-20  nm  high  mesa  stripes 
along  [01-1]  (i.e.,  the  direction  of  migration  is  opposite  to  the  case  of  patterned  GaAs  (100)  and  (111) 
substrates)  which  develops  a  fast  growing  sidewall  with  a  convex  curved,  unfacetted  surface  profile 
revealing  no  roughening  of  the  surface  morphology  compared  to  the  flat  parts  of  the  mesa  [3]. 

This  unique  growth  mode  on  patterned  GaAs  (311)A  substrates  is  understood  by  comparing  it  with  the 
selectivity  of  growth  on  other  patterned  high-index  GaAs  (nl  1)A&B  substrates  depicted  schematically 
in  Fig.  2  [3].  The  upper  line  denotes  the  orientation  of  the  substrate  and  the  lower  line  that  of  the  facets 
developing  at  the  sidewalls  of  the  mesastripes  along  [01-1],  The  dashed  lines  point  on  the  side  in  the 

substrate 


(211)A  i311lA.B  (411)A  (511)A 


side  facets 


Fig,  2.  Diagram  of  the  facet  formation  on  patterned  GaAs  (nil) 
substrates. 

sector  towards  the  next  (111)  plane  and  the  solid  lines  on  the  opposite  side  in  the  sector  towards  the 
next  (100)  plane.  In  the  first  sector  all  planes  develop  slow  growing  (111)  facets,  whereas  in  the  second 
one  mesa  stripes  on  (411)A  and  (511)A  planes  develop  slow  growing  (100)  facets  and  that  on  the 
(211)A  plane  a  slow  growing  (311)A  side  facet.  This  identifies  the  (311)A  plane  as  the  slowest 
growing  plane  in  the  sector  towards  the  next  (100)  plane.  Consequently,  in  this  sector  mesa  stripes  on 
patterned  GaAs  (3 1 1)A  substrates  develop  a  fast  growing,  unfacetted  sidewall  with  a  convex  curvature. 
The  evolution  of  a  (100)  side  facet  for  patterned  GaAs  (311)B  substrates  is  attributed  to  the  higher 
chemical  reactivity  of  (nl  1)B  planes  to  enhance  to  growth  rate  compared  to  that  of  (100)  planes. 


3.  Optical  properties  of  sidewall  quantum  wires  on  patterned  GaAs  (311)A  substrates 

As  expected  from  the  high  structural  perfection  of  the  wires,  the  optical  properties  reveal  narrow 
photoluminescence  (PL)  linewidths,  high  PL  efficiency  (linewidths  and  efficiency  of  the  wires  are 
always  comparable  to  those  of  the  quantum  well),  and  strong  lateral  confinement  of  carriers  in  the  wire 
region  up  to  room  temperature.  The  two-dimensional  quantum  confinement  of  excitons  in  the  wires  is 
confirmed  by  the  transition  from  two-dimensional  to  magnetic  confinement  with  increasing  magnetic 
field  (Fig.  3).  The  PL  peak  position  of  the  wire  shows  a  distinct  changeover  from  weak  (two- 
dimensional  quantum  confinement)  to  strong  (magnetic  confinement)  magnetic  field  dependence  at 
about  2  T  which  corresponds  to  a  cyclotron  diameter  of  about  40  nm,  in  good  agreement  with  the 
geometrical  width  of  the  wire  [3].  Moreover,  clear  one-dimensional  subbands  have  been  resolved  in 
near-field  PL  excitation  spectroscopy  with  energy  spacings  of  12  meV  (=  1/2  ksT  at  300  K)  [4]. 
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Fig.  3.  Dependence  of  the  PL  peak  energy  of  the  wire  and  the  adjacent  well 
on  the  magnetic  field. 

The  energy  position  of  the  cathodolutninescence  (CL)  line  of  the  wire  can  be  controlled  in  a  wide  range 
by  the  initial  mesa  height  reflecting  a  higher  thickness  of  the  wire  for  higher  mesas  (see  Fig.  4). 
Therefore,  the  mesa  height  prepared  by  etching  is  an  additional  parameter  to  control  the  shape  and 
electronic  properties  of  the  present  wire  stracture  that  has  no  equivalent  in  V-groove  or  ridge-type 
structures. 


20  40  60 

MESA  HEIGHT  (nm) 


Fig.  4.  Dependence  of  the  CL  peak  energies  of  the  wire  and  well  at  the  sidewall,  and  the  corresponding 
confinement  energy  in  the  wire  on  the  initial  mesa  height  H.  The  PL  of  the  6  nm  GaAs/50  nm  (AlGa)As  quantum 
well  in  the  flat  parts  of  the  mesa  is  centered  at  1.74  eV.  The  thickness  of  the  GaAs  buffer  layer  is  50  nm.  The 
insets  show  the  atomic  force  microscopy  (AFM)  images  of  the  sample  surface  for  H  =  14  and  53  nm. 


The  in-plane  density  of  the  wires  can  he  easily  increased  by  reducing  the  mesa  widths  and  spacings. 
Most  important  for  device  applications  is,  however,  that  for  a  given  mesa  height  the  wires  can  also  be 
vertically  stacked  in  growth  direction  without  any  increase  in  interface  roughness  and  wire  width 
fluctuations.  This  is  confirmed  by  spatially  resolved  CL  spectroscopy  (Fig.  5)  showing  no  increase  of 
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the  CL  linewidth  of  a  stack  of  three  planes  of  wires  compared  to  that  of  a  single  one  thus  indicating  a 
self-limiting  growth  mechanism  with  well  defined  lateral  growth  [3]. 


PHOTON  ENERGY  (eV)  PHOTON  ENERGY  (eV) 

Fig.  5.  CL  spectra  excited  at  the  sidewall  of  (a)  a  single  quantum  wire  and  (b)  a  stack  of  three  quantum  wires.  The  thickness 
of  the  quantum  well  connected  with  the  quantum  wires  is  only  2  nm  to  increase  the  sensitivity  to  interface  roughness  and 
wire  width  fluctuations. 


4.  Strained  systems 

Strained  Ino,2Gao.8As  sidewall  quantum  wires  exhibit  a  blue  shift  of  the  PL  of  17  meV  with  increasing 
excitation  power  which  strongly  exceeds  that  of  the  adjacent  quantum  well  of  1-2  meV  (Fig.  6)  [5]. 
The  blue  shift  is  reduced  from  7  meV  for  an  In  composition  of  0.1  to  zero  for  unstrained  GaAs  wires. 


EXCITATION  POWER  (mW) 


Fig.  6.  Dependence  of  the  PL  peak  energy  of  the  strained  (InGa)As  sidewall  quantum 
wire  and  adjacent  quantum  well  on  the  excitation  power. 
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Full  modulation  is  already  obtained  for  an  increase  of  the  excitation  power  by  only  one  order  of 
magnitude.  This  enhanced  optical  nonlinearity  is  assigned  to  additional  lateral  optical  band  gap 
modulation  in  the  quantum  wire  due  to  internal  piezoelectric  fields  [6]  which  allows  the  fabrication  of 
optical  modulators  operating  with  high  modulation  depth  at  low  incident  power. 

For  strained  layers,  at  the  onset  of  the  two-dimensional  to  three-dimensional  growth  mode  transition, 
(InGa)As  island  are  formed  only  on  the  mesa  top  and  bottom.  Despite  the  shallow  profile,  the  curved 
surface  along  the  sidewall  is  smooth  with  a  well  defined  boundary  for  island  formation.  This  indicates 
the  possibility  to  selectively  position  (InGa)As  islands  on  patterned  GaAs  (31 1)A  substrates  (Fig.  7). 


Fig.  7.  AFM  image  of  (InGa)As  islands  on  patterned  GaAs  (31I)A 
substrates.  The  mesa  height  is  30  nm. 


S.  Atomic  hydrogen  assisted  MBE  on  patterned  GaAs  (311)A  substrates:  Formation  of  highly 
uniform  quantum-dot  arrays 

In  atomic  hydrogen  assisted  MBE  of  GaAs  on  GaAs  (311)A  substrates  distinct  quasi-periodic  step 
arrays  running  along  [-233]  are  naturally  formed  by  step  bunching  with  a  lateral  periodicity  around  40 
nm,  i.e.,  similar  in  size  to  the  width  of  the  quantum  wire  on  patterned  substrates  oriented  along  the 
perpendicular  [01-1]  direction.  The  step  bunches,  2-3  nm  in  height  are  maintained  over  the  curved 
sidewall  without  displacement,  thus  generating  a  periodic  thickness  modulation  of  the  GaAs/(AlGa)As 
wire  structure  to  produce  an  array  of  quantum  dots  along  the  sidewall.  The  three-dimensional  quantum 
confinement  of  excitons  in  the  dots  is  revealed  by  pronounced  splitting  of  the  p-PL  spectra  into  sharp 
lines  [7,8].  In  contrast  to  the  PL  from  the  corrugated  quantum  well  (denoted  by  QWell  in  Fig.  8)  in  the 
flat  parts  of  the  mesa  structure  governed  by  strong  three-dimensional  exciton  localization  at  random 
interface  fluctuations  along  the  step  bunches  (reflected  in  the  statistic  distribution  of  the  sharp  lines 
over  the  broad  envelope  of  the  quantum  well  emission),  the  spectral  range  of  the  emission  from  the 
quantum  dots  (QDot)  in  p-PL  is  much  narrower  than  the  linewidth  of  the  average  spectra.  The  spectra 
are  dominated  by  one  single  sharp  line  without  background  emission  over  an  energy  range  exceeding 
40  meV.  The  measured  linewidth  of  the  PL  from  the  dots  is  limited  by  the  spectral  resolution  of  about 
60  peV.  The  spectra  remain  almost  unchanged  when  the  diameter  of  the  optical  probing  area  is 
increased  from  2  to  16  pm  corresponding  to  several  ten  to  several  hundred  dots.  Therefore,  combining 
the  self-organizing  periodic  surface  corrugation  in  atomic  hydrogen  assisted  MBE  with  the  wire 
formation  in  patterned  growth  yields  arrays  of  quantum  dots  along  the  sidewall  with  excellent 
uniformity  over  areas  which  are  already  large  enough  to  be  accessed  for  further  processing. 
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Fig.  8.  n-PL  spectra  at  two  positions  at  the  sidewall  and  AFM  top  view  of  the  quantum-dot  array.  The  mesa  height  is 
20  nm.  QDot  denotes  the  emission  from  the  quantum-dot  array  along  the  sidewall  and  QWell  that  from  the  adjacent 
quantum  well.  The  insets  show  the  AFM  top  view  of  the  corrugated  GaAs  layer  at  the  sidewall  and  a  schematic 
illustration  of  the  final  GaAs/(AlGa)As  quantum-dot  structure. 


6,  Conclusion 

Lateral  quantum  wires  have  been  formed  by  MBE  on  patterned  GaAs  (311)A  substrates  at  the  fast 
growing  sidewall  of  mesa  stripes  along  [01-1].  The  high  structural  perfection  of  the  wires  is 
demonstrated  in  narrow  PL  linewidths,  high  PL  efficiency,  and  efficient  confinement  of  carriers  up  to 
room  temperature.  To  increase  the  active  volume  the  wires  can  be  vertically  stacked  in  growth 
direction.  Strong  enhancement  of  the  optical  nonlinearity  is  found  in  strained  (InGa)As  sidewall 
quantum  wires.  Finally,  in  atomic  hydrogen  assisted  MBE  distinct  natural  step  arrays  are  generated 
across  the  wire  to  produce  an  ordered  array  of  quantum  dots  whose  spectra  in  p-PL  are  dominated  by 
one  single  sharp  line. 
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Abstract.  A  new  self-limited  growth  based  on  the  control  of  surface  migration  of  Ga  atoms  during  flow 
rate  modulation  epitaxial  growth  of  GaAs  on  patterned  substrates  is  demonstrated.  By  the  use  of  this  new 
growth  technique,  atomically  uniform  GaAs  quantum  wires  and  quantum  dots  can  be  realized  easily,  despite 
the  existence  of  pattern  size  fluctuations  in  the  initial  substrate  induced  by  pattern  preparation  processes. 


1.  Introduction 

Atomically  uniform  semiconductor  quantum  wires  (QWRs)  and  quantum  dots  (QDs)  with  sufficiently 
high  densities  are  highly  required  for  the  realization  of  high-performance  optical  and  electronic  devices 
utilizing  novel  quantum  effects  predicted  in  these  low  dimensional  quantum  nanostructures  [1]. 
Although  a  variety  of  fabrication  techniques  have  been  developed  in  the  last  decade  for  the  realization 
of  high  quality  QWRs  and  QDs  [2-4],  the  structure  uniformity  is  still  a  severe  problem  impeding  the 
observation  of  the  predicted  quantum  effects.  In  this  paper,  we  propose  and  demonstrate  a  completely 
new  self-limited  growth  observed  in  selective  growth  on  patterned  substrate  by  flow  rate  modulation 
epitaxy  (FME)  [5]  which  is  a  modified  metalorganic  vapor  phase  epitaxy  (MOVPE)  technique  and 
has  been  successfully  applied  to  the  fabrication  of  high  quality  QWRs  [6-7].  By  the  use  of  this  new 
self-limited  growth,  atomically  uniform  quantum  nanostructures  can  be  achieved  easily  even  on 
substrates  with  large  pattern  size  fluctuations. 

2.  Experimental  Results 

This  new  technique  is  based  on  the  control  of  surface  migration  of  Ga  atoms  during  FME  growth  on 
patterned  substrate.  Figure  1  shows  the  typical  gas  flow  sequence  of  FME  growth.  A  typical  FME 
growth  cycle  consists  of  4  gas  supply  periods:  Ga  flow  (triethylgallium:  TEGa),  Hz  purge.  As  flow 
(asine:  AsHs),  and  Hz  purge.  It  is  worth  to  mention  that,  unlike  the  conventional  atomic  layer  epitaxy 
(ALE),  a  very  small  amount  of  AsHa  is  supplied  throughout  the  growth  to  prevent  the  desorption  of  As 
species  and  the  impurity  incorporation  during  Ga  flow  and  Hz  purge  periods. 

Another  important  difference  of  FME  with  respect  to  ALE  is  that,  in  the  case  of  growth  on  flat 
substrate,  the  FME  method  has  no  self-limiting  effects  because  the  Ga  materials  are  supplied  in  the 
form  of  completely  decomposed  Ga  atoms.  If  the  amount  of  Ga  species  supplied  in  one  growth  cycle 
exceeds  1  monolayer  (ML),  the  excess  Ga  atoms  will  form  droplets  on  the  substrate  surface.  However, 
we  recently  recognized  that,  in  the  case  of  growth  on  patterned  substrate,  the  FME  growth  can  have 
self-limiting  effect. 

We  next  describe  the  experimental  demonstration  of  this  new  self-limiting  effect.  For  this  purpose. 
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Fig.l.  Typical  gas  flow  sequence  of  FME  growth 


AlGaAs/GaAs  vertically-stacked  multiple  QWRs 
were  grown  on  [0  11]  oriented  V-grooved  GaAs 
substrates  with  a  V-groove  period  of  2  pm 
[Fig.2(a)]  at  630  °C  using  a  low  pressure  (76  Torr) 
MOVPE  system.  Only  the  GaAs  wire  layers  were 
grown  by  FME,  while  all  the  other  layers  were 
grown  by  the  conventional  MOVPE.  The  AlGaAs 
barrier  layers  between  GaAs  wire  layers  were  kept 
thick  enough  to  completely  recover  the  shape  of 
the  V-groove  bottom  distorted  by  the  growth  of 
GaAs  wire  layer.  Figure  2(b)  shows  the 
transmission  electron  microscopy  (TEM)  image  of 
a  6-QWR  sample.  Figure  3  gives  the  growth  rate 
of  QWR  at  the  V-groove  center  and  that  of  the 
(001)  mesa  top  quantum  well  measured  from  the 


TEM  image  as  a  function  of  TEGa  flow  rate,  where  the  growth  thickness  per  FME  cycle  is  expressed 
by  the  (001)  facet  ML  thickness  (2.83  A).  The  growth  rate  of  the  QWR  region  (solid  circle)  does  not 
increase  linearly  with  the  increase  of  TEGa  flow  rate,  but  is  composed  of  several  regions  in  which  the 
QWR  growth  stops  automatically  independent  of  TEGa  flow  rate,  in  other  words,  is  self-limited.  The 
TEGa  flow  rate  range  of  these  self-limited  growth  regions  becomes  to  be  wider  and  the  growth  rate 
difference  between  adjacent  regions  becomes  to  be  larger  with  increasing  TEGa  flow  rate.  Moreover, 
the  growth  rate  changes  rapidly  from  one  to  the  other  self-limited  regions.  The  self-limiting  effect  of 
the  QWR  growth  can  also  be  clearly  confirmed  from  the  TEM  image  of  the  6-QWR  sample  given  in 
Fig.2(b).  This  sample  was  grown  in  the  widest  self-limited  growth  region  (~  1.36  ML/cycle),  with  the 
TEGa  flow  rate  being  increased  by  an  amount  of  about  30  %  from  the  first  to  the  sixth  QWR.  Despite 
of  the  increase  of  TEGa  flow  rate,  exactly  the  same  shape  was  obtained  for  all  these  QWRs,  while  the 
thickness  of  the  (lll)A  side  wall  showed  clear  increase  with  the  increase  of  TEGa  flow  rate.  Qn  the 
other  hand,  the  (001)  mesa  top  growth  rate  increases  approximately  linearly  with  the  increase  of  TEGa 


flow  rate  and  showed  quite  large  dispersion  from  wafer  to  wafer. 


3.  Discussion 


The  above  results  represent  a  completely  new  type  of  self-limited  growth  which  could  not  be  explained 
by  the  existing  self-limiting  mechanism.  We  next  consider  the  mechanism  responsible  for  this  new 
self-limited  growth.  In  selective  growth  on  patterned  substrate,  the  Ga  atoms  migrate  from  facets  with 
longer  migration  length  to  facets  shorter  migration  length  over  a  distance  shorter  than  the  average  Ga 
migration  length  due  to  the  difference  of  Ga  migration  length  on  different  facets,  and  the  equilibrium 
distribution  of  Ga  atoms  is  mainly  determined  by  the  difference  in  migration  length  and  the  detailed 
geometry  of  the  patterned  substrate.  As  a  result,  the  local  growth  rates  of  facets  with  shorter  migration 
length  will  be  selectively  enhanced  and  this  leads  to  the  formation  of  quantum  nanostructures  [8].  Qn 
the  other  hand,  the  Ga  migration  length  also  changes  greatly  depending  on  the  surface  conditions  even 
on  the  same  crystalline  facet  [9].  In  FME  growth,  due  to  the  extremely  low  AsHs  partial  pressure 
during  TEGa  flow  and  H2  purge  periods,  most  of  the  Ga  atoms  are  considered  to  remain  un-bonded 
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Fig.2.  (a)  Layer  structure  of  the  vertically-stacked 
AlGaAs/GaAs  multiple  QWRs. 

(b)  Cross-sectional  TEM  image  of  a  6-QWR  sample. 

with  As  atoms  until  the  start  of  the  AsHa  flow  period.  Surface  reconstruction  into  stable 
microstructures  is  highly  preferred  on  such  surfaces  toward  the  minimization  of  surface  free  energy  by 
reducing  the  number  of  dangling  bonds  at  some  specific  Ga  compositions  [10].  We  propose  that 
various  stable  surface  reconstructions  were  formed  at  the  V-groove  bottom  in  the  self-limited  growth 
regions.  The  Ga  migration  length  on  the  reconstructed  stable  surface  is  expected  to  be  significantly 
prolonged  compared  with  the  case  of  un-reconstructed  surface.  Therefore,  the  excess  Ga  atoms  at  the 
V-groove  bottom  will  migrate  to  the  (001)  mesa  top  or  (lll)A  side  wall  facets  and  hence  the  growth  of 
QWR  will  stop  automatically  until  the  formation  of  a  new  surface  reconstruction.  We  call  this  new 
self-limited  growth  as  surface  migration  induced  self-limited  growth  in  the  sense  that  it  is  based  on  the 
control  of  surface  migration  of  Ga  atoms  to  distinguish  it  from  the  conventional  ALE  growth. 

The  significant  meaning  of  this  new  self-limited  growth  for  the  fabrication  of  quantum 
nanostructures  is  obvious.  If  we  do  growth  in  the  well-developed  self-limited  growth  regions, 
atomically  uniform  QWRs  or  QDs  can  be  fabricated  easily  even  if  there  exist  some  fluctuations  in  the 
pattern  size  of  the  initial  substrate  which  are  inevitable  due  to  the  limited  accuracy  of  the  pattern 
preparation  processes.  In  practice,  the  absence  of  size  fluctuation  between  different  wires  at  least  for 
QWRs  grown  on  2  |xm  pitch  substrates  has  been  confirmed  by  a  micro-PL  characterization  [11].  In  this 
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Fig.3.  Growth  rate  of  QWR  at  the  V-groove  center  (solid  circle) 
and  that  of  the  (001)  mesa  top  quantum  well  (open  square, 
open  triangle,  and  solid  triangle)  as  a  function  of  TEGa 
flow  rate. 


experiments,  the  micro-PL  spectrum  which 
comes  from  a  single  QWR  showed  the 
same  overall  linewidth  as  that  of  the 
macro-PL  spectrum.  Quantum  nano¬ 
structures  grown  by  this  new  technique  are 
considered  to  be  very  suitable  for  the 
exploration  of  various  new  quantum  effects 
which  are  hidden  by  size  fluctuations  in  the 
conventional  structures  and  also  for  the 
realization  of  high-performance  devices. 

4.  Conclusion 

A  new  self-limited  growth  based  on  the 
control  of  surface  migration  of  Ga  atoms 
during  FME  growth  on  patterned  substrate 
was  demonstrated.  By  the  use  of  this  new 
self-limited  growth,  atomically  uniform 
semiconductor  QWRs  and  QDs  can  be 
realized  easily  on  substrates  prepared  by 
the  conventional  lithography  and  wet 
chemical  etching  techniques. 


Acknowledgements 

The  authors  would  like  to  thank  Dr.  Tsunenori  Sakamoto  and  Dr.  Keizuo  Shimizu  for  their 
encouragement  on  this  work. 

References 

[1]  Arakawa  Y  and  Sakaki  H  1982  Appl.  Phys.  Lett.  40  939-941 

[2]  Kapon  E,  Hwang  D  M  and  Bhat  R  1989  Phys.  Rev.  Lett.  63  430-433 

[3]  Pfeiffer  L  N,  West  K  W,  Stdrmer  H  L,  Eisenstein  1  P,  Baldwin  K  W,  Gershoni  D  and  Spector  J  1990  Appl.  Phys.  Lett. 

56  1697-1699 

[4]  Leon  R,  Petroff  P  M,  Leonard  D  and  Fafard  S  1995  Science  267  1966-1967 

[5]  Kobayashi  N,  Makimoto  T  and  Horikoshi  Y  1985  Jpn.  J.  Appl.  Phys.  24  L962-L964 

[6]  Wang  X  L,  Ogura  M  and  Matsuhata  H  1995  Appl.  Phys.  Lett.  66  1506-1508 

[7]  Wang  X  L,  Ogura  M  and  Matsuhata  H  1995  Appl.  Phys.  Lett.  67  3629-3631 

[8]  Kapon  E  199^1  Epitaxial  Microstructures  (New  York;  Academic) 

[9]  Osaka  1,  Inoue  N,  Mada  Y,  Yamada  K  and  Wada  K  1990/.  Cryst.  Growth  99  120-123 

[10]  Biegelsen  D  K,  Bringans  R  D,  Northrup  J  E  and  Swartz  L  -E  1990  Phys.  Rev.  B41  5701-5706 

[11]  Bellessa  J,  Voliotis  V,  Grousson  R,  Wang  X  L,  Ogura  M  and  Matsuhata  H  1991  Appl.  Phys.  Lett,  (in  press) 


75 


Fabrication  of  InGaAs  Quantum  Wire  Structures  by  As2  Flux 
in  Molecular  Beam  Epitaxy 


Takeyoshi  SUGAYA*,  Yasuhiko  TANUMA^,  Tadashi  NAKAGAWA*, 

Yoshinobu  SUGIYAMA*  and  Kenji  YONEI^ 

^Electrotechnical  Laboratory,  1-1-4,  Umezono,  Tsukuba  305  Japan 
^Shibaura  Institute  of  Technology,  3-9-14,  Shibaura,  Minato-ku  Tokyo  108,  Japan 

Abstract.  InGaAs/lnAlAs  quantum  wire  structures  on  V-grooved  substrates  have  been  fabricated  under  As2 
Sux  by  molecular  beam  epitaxy.  Under  As2  tux,  a  smaller  number  of  In  atoms  migrate  than  those  under 
As4  flux  to  the  V-groove  bottom  from  the  sidewall  surface.  The  InAlAs  layer  on  the  V-grooved  InP  substrates 
grown  under  As2  tux  preserves  the  V-shape,  whereas  the  V-shape  cannot  be  preserved  and  the  quantum  wire 
structures  cannot  be  fabricated  under  As4  flux.  The  InGaAs  quantum  wires  grown  under  As2  flux  have  good 
optical  property. 

1.  Introduction 

Semiconductor  quantum  wires,  in  which  carriers  are  confined  to  one  dimension,  have  been 
extensively  studied  for  the  application  to  novel  optoelectronic  devices.  As  a  promising  method  to 
fabricate  the  quantum  wire  structures,  a  selective  growth  of  Ill-V  semiconductors  on  non-planar 
substrates  has  been  studied.  A  large  number  of  works  of  the  GaAs  or  InGaAs  quantum  wire 
structures  fabricated  by  the  selective  growth  on  non-planar  substrates  using  metalorgpnic  chemical 
vapor  deposition  (MOCVD)  as  well  as  molecular  beam  epitaxy  (MBE)  have  been  reported  [1-5], 
The  fabrication  of  GaAs  quantum  wire  structures  on  V-grooved  substrate  and  its  application  to  a 
laser  structure  have  been  reported  by  MOCVD  [1].  The  InGaAs  quantum  wires  having  InP  barrier 
layers  on  V-grooved  InP  substrate  were  also  fabricated  by  MOCVD  [2]. 

For  the  MBE,  InGaAs  quantum  wire  structures  have  been  fabricated  on  the  (411)A  ridgs 
structures  which  is  formed  during  the  growth  at  hi^  temperature  (>580°C)  [5].  In  the  case  of  the 
conventional  InGaAs/InALAs  MBE  using  AS4  flux,  V-grooved  substrate  caimot  be  applied  because  of 
the  strong  migration  of  In  atoms  which  destroys  the  V-groove  shape  during  the  InAlAs  buffer  layer, 
or  barrier  layer,  formation  [6].  The  InGaAs  quantum  wire  structures  caimot  be  fabricated  on  the  V- 
grooved  substrate  in  the  MBE  using  Asq  flux.  In  our  previous  works,  a  suppression  of  the 
surface  diffusion  of  Ga  atoms  under  AS2  flux  have  been  demonstrated.  In  this  paper,  we  report  the 
preserving  V-shape  grooves  due  to  the  suppression  of  In  migration  under  the  As2  flux.  Also  we 
report  the  successful  formation  of  the  InGaAs/InAlAs  quantum  wire  structures  on  the  V-grooved  InP 
substrates  with  As2  flux  at  the  temperature  of 475°C. 

2.  Experiment 

To  investi^te  the  difference  of  In  migration  under  As2  and  AS4  flux,  InAs  layers  were  grown  on 
non-planar  InAs  substrates  with  As2  or  AS4  flux.  The  non-planar  structures  were  prepared  by 
photolithography  followed  by  chemical  etching  in  an  etchant  based  on  citric  acid  for  30s.  The 
depth  of  the  etching  was  about  lOOOnm.  Line-and-space  patterns  were  formed  along  [110] 
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direction.  After  thorou^  degreasing,  the  substrates  were  loaded  into  MBE  chamber  and  cleaned 
with  atomic  hydrogen  at  400°C  for  lOmin  [7].  The  growth  rate  of  InAs  was  500nm/h.  During 
the  growth,  the  beam  pressure  of  In  was  3xlO"^Pa,  and  those  of  AS4  and  As2  were  4xlO‘''Pa, 
respectively.  These  values  were  measured  with  an  ionization  gauge  at  the  substrate  position. 
The  As2  flux  was  generated  by  cracking  A  S4  molecules. 

To  grow  InGaAs  quantum  wire  structures,  the  non-planar  structure  with  V-grooves  consisting 
of  (211)A  sidewalls  and  (001)  flat  surfaces  was  prepared  on  a  (001)  InP  substrates  by  chemical 
etching  in  HC1:CH3C00H:H202 (1:2:1  by  volume)  for  2min.  The  atomic  hydrogen  cleaning  was 
performed  at  350°C  for  5min.  The  growth  rates  of  InAlAs  and  InGaAs  were  360nm/h  and 
350nm/h,  respectively.  The  compositions  of  InAlAs  and  InGaAs  layers  were  lattice-matched  to  InP 
on  the  flat  (001)  surfaces.  The  growth  temperatures  were  475°C  with  no  substrate  rotation. 
Two  samples  were  made,  one  with  the  InAlAs  barrier  layer  grown  with  the  AS4  source,  and  the  other 
with  the  As2  source.  The  beam  pressures  of  In,  Gaand  A1  were  IxlO'^Pa,  bxlO'^Paand  2xlO'^Pa, 
respectively,  and  those  of  AS4  and  As2  were  4xlO'''Pa.  The  thicknesses  of  InGaAs  quantum  wire 
layer,  and  first  and  second  barrier  layers  of  InAlAs  were  4nm,  SOOnm  and  200nm,  respectively. 
These  thicknesses  were  obtained  on  the  flat  (001)  substrate.  Scanning  electron  microscopy  (SEM) 
observations  and  photoluminescence  (PL)  measurements  of  these  structures  were  performed. 

3.  Results  and  Discussions 

Figure  1  demonstrates  the  effect  of  As2  flux  for  the  InAs  growth  on  the  patterned  substrates. 
The  thickness  of  the  grown  InAs  is  SOOnm.  The  layers  in  Figs.  1(a)  and  1(b)  are  grown  under  AS4 
and  As2  flux,  respectively.  In  Fig.  1(a),  the  increase  in  the  growth  rate  of  InAs  near  the  edge  of  the 
sidewall  is  observed.  This  is  due  to  the  migration  of  In  atoms  from  the  sidewall  to  the  (001) 
surface  [8].  The  increase  in  the  growth  rate  is  not  observed  in  Fig.l(b).  This  phenomenon 
clearly  shows  that  fewer  In  atoms  migrate  from  the  sidewall  to  the  (001)  surface  under  As2  flux. 
The  mechanism  of  the  difference  in  surface  diffusion  is  due  to  the  difference  in  the  interaction  kinetics 
of  group-  III  atoms  and  AS4  or  As2,  which  occurs  on  all  planes  as  reported  previously  [9]. 

For  the  growth  of  quantum  wires  in  the  V-grooves,  the  formation  of  a  barrier  layer,  while 
maintaining  the  sharp  groove,  is  necessary.  This  requirement  is  fulfilled  by  the  smaller  migration  of 
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Fig.l  Cross-sectional  views  of  InAs  layers  grown  on  patterned  substrates.  The  InAs  layers  of  (a) 
and  (b)  were  grown  with  As4  and  As2,  respectively.  The  thickness  of  grown  layer  was  SOOnm. 
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Fig.2  Cross-sectional  views  of  InGaAs/InAIAs  quantum  wire  structures  perpendicular  to  [1-10]. 

The  InAlAs  barrier  layers  of  (a)  and  (b)  were  grown  with  As4  and  As2,  respectively.  The 

InGaAs  quantum  wire  was  fabricated  only  with  As2  flux. 

group-III  atoms  under  As2  flux  as  shown  in  Fig.l.  Figure  2  shows  the  effects  of  As2  flux  for  the 
fabrication  of  InGaAs/InAIAs  quantum  wires  on  the  V-grooved  InP  substrates.  The  InAlAs  barrier 
layers  in  Fig.2(a)  and  Fig.2(b)  were  grown  by  As4  and  ASj,  respectively.  The  InGaAs  quantum 
wires  for  both  samples  were  grown  under  AS4  flux  to  enhance  the  migration  of  the  group-III  atoms. 
Although  the  V-grooves  before  the  barrier  layer  growth  are  identical  for  these  two  samples,  they 
differ  in  their  profile  after  the  first  barrier  layer  growth.  For  the  As4-grown  sample,  the  V-shape 
disappears  as  shown  in  Fig.2(a)  and  no  quantum  wire  is  formed.  The  As2-grown  sample  preserves 
the  initial  profile  and  distinct  quantum  wire  structure  is  obtained  as  shown  in  Fig.2(b).  These 
phenomena  are  caused  by  the  difference  in  the  surface  diffusion  of  In  atoms  under  AS4  and  As2  fluxes 
as  shown  in  Fig.l.  The  larger  numbers  of  In  atoms  migrate  to  the  bottom  of  V-groove  from  the 
sidewall  surfaces  under  AS4  flux  and  the  V-shape  is  destroyed.  Under  the  AS2  flux,  because  the 
migration  of  In  atoms  is  small,  the  V-shape  is  preserved. 

Figure  3  shows  the  photoluminescence  spectra  of  other  two  samples,  one  has  the  InGaAs 
quantum  wire  structures  and  the  other  has  not  any  InGaAs  wires  as  shown  in  the  inset.  The  PL 
measurement  was  performed  at  15K  using  Ar+  laser  (A,=514.5nm)  and  Ge  photodetector.  The 
diameter  of  excited  area  was  200p,m  and  the  numbers  of  excited  V-grooves  was  about  50.  The 
quantum  wire  has  a  triangular  cross  section  with  12nmx80nm  side  dimensions  by  SEM  observation. 
The  broken  line  in  Fig.3  is  a  spectrum  for  the  sample  which  have  flat  bottom  regions  and  no  InGaAs 
quantum  wire  structures.  It  has  only  one  peak  at  around  1 150nm  which  originates  from  quantum 
wells  on  flat  (001)  ridge  and  bottom  regions.  The  solid  line  in  Fig3  is  a  spectrum  for  the  sample 
which  have  InGaAs  quantum  wire  structures.  The  PL  peak  at  around  1320nm  originates  from  the 
quantum  wires  because  this  peak  is  not  observed  from  the  sample  without  the  quantum  wires. 
The  transition  energy  of  the  quantum  wires  is  0.939eV  and  the  energy  difference  from  the  InGaAs 
bulk  transition  grown  at  the  V-groove  bottom  is  lOSmeV.  The  theoretical  value  of  the  transition 
energy  of  the  quantum  wires  is  0.910eV,  which  is  obtained  by  a  model  of  the  parabolic  quantum-wire 
potential-well  [10]  and  is  in  agreement  with  the  result  of  the  PL  measurement.  The  full  width  at  half 
maximum  of  the  quantum  wires  peak  is  38meV.  This  result  indicates  that  the  InGaAs  quantum 
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Wave  Length  (nm) 

Fig-3  PL  spectra  of  two  samples,  one  has  InGaAs  quantum  wires  and  another  has  not  any  InGaAs  wires. 

PL  peak  around  1 320nm  originates  from  InGaAs  wires. 

wire  structures  have  good  optical  quality.  The  peak  at  around  1240nm  in  the  solid  line  originates 
from  (001)  ridge  quantum  wells,  in  which  the  thickness  of  the  well  becomes  thicker  than  that  of  the 
broken  line.  That  is  due  to  the  migration  of  In  and  Ga  atoms  from  the  sidewall  surfaces  to  (001) 
ridge  surfaces  which  is  narrower  than  that  of  the  broken  line's  sample.  The  weak  broad  peak  at 
around  1120nm  may  be  due  to  (311)A  quantum  wells,  or  some  impurities  or  defects  in  the  InAlAs 
layer  grown  on  the  sidewalls.  Cathodoluminescence  measurements  confirmed  above  positional 
assignment.  Althou^  InGaAs  and  InAlAs  layers  are  lattice-matched  to  InP  on  (001)  flat  region,  the 
precise  composition  in  the  wire  region  and  the  surrounding  barriers  are  not  clear  at  present.  The 
compositional  change  in  the  larger  area  grown  on  the  patterned  InP  was  reported  previously  [4], 
Further  studies  are  required  to  determine  precise  composition  in  the  wire  region. 

4.  Conclusions 

In  summary,  we  successfully  fabricated  the  InGaAs  quantum  wire  structures  having  InAlAs 
barrier  layer  grown  with  As2  flux  on  V-grooved  substrates  by  MBE.  Under  As2  flux,  a  smaller 
number  of  In  atoms  migrate  to  the  (001)  surface  and  the  bottom  of  V-groove  from  the  sidewall 
surfaces  than  those  under  Asq  flux  The  growth  of  InAlAs  on  the  V-grooved  substrate  could  not 
preserve  the  V-shape  under  AS4  flux,  whereas  the  shape  was  preserved  under  As2  flux  The 
InGaAs  quantum  wires  were  fabricated  only  under  As2  flux,  and  the  quantum  wires  had  g)od  optical 
quality. 
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Extremely  High  Conductivities  in  Modulation-doped  GaAs  and 
(Galn)As  Quantum  Wells  with  AlAs/GaAs  Type-II-Superlattice 
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Abstract  We  present  a  new  structure  to  reduce  impurity  scattering  in  remotely  doped  GaAs  and  (Galn)As 
single  quantum  wells  by  using  heavy-mass  X-electrous  in  the  short-period  AlAs/GaAs  superlattice  barriers  to 
smooth  the  potential  fluctuations  of  the  ionized  Si  dopants.  In  10-nm  GaAs  SQW  electron  mobilities  as  high 
as  120  m’/Vs  at  electron  densities  of  1.2*10'‘  m  '  are  obtained  in  the  one-subband  conductivity  mode  without 
any  parallel  conductance.  In  the  case  of  (Galn)As  SQW  the  reduction  of  the  impurity  scattering  manifests 
itself  in  the  increase  of  the  single  particle  relaxation  time.  The  design  limits  to  achieve  these  ultra-high 
conductivities  in  terms  of  layer  sequence  and  growth  parameters  are  discussed. 


1.  Introduction 

Two-dimensional  electron  gases  (2DEG)  with  ultrahigh  conductivity  are  important  for  both 
fundamental  research  and  for  applications  in  low-noise  and  high-frequency  devices  [1],  However, 
remote  impurity  scattering  (RIS)  at  the  randomly  distributed  dopants  becomes  one  of  the  main 
limitations  for  achieving  high  conductivities.  We  have  proposed  a  new  concept  to  reduce  RIS  in  GaAs 
single  quantum  wells  (SQW)  with  high  carrier  concentration  and  thereby  significantly  increased  the 
mobility,  i.e.  by  means  of  the  /ixp,  -  product,  the  conductivity  [2],  In  this  presentation  we  review  the 
applicability  of  our  concept  for  GaAs  as  well  as  for  (InGa)As  SQW. 

2.  Concept  to  reduce  remote  impurity  scattering 

To  get  enhanced  conductivity  the  fluctuations  of  the  scattering  potential  (FSP)  caused  by  the 
randomly  distributed  remote  dopants  have  to  be  smoothed.  For  this  purpose  we  use  barriers  consisting 
of  short  period  AlAs/GaAs  superlattices  (SPSL)  instead  of  ternary  (AlGa)As.  The  superlattice  period  is 
chosen  short  enough  to  get  the  X-like  conduction-band  states  the  lowest  energy  states  in  the  AlAs 
sequence  of  the  SPSL.  At  high  enough  doping  concentration  these  states  become  occupied  with 
heavy-mass  X-electrons  which  are  located  close  to  the  doping  layer  (Fig.l).  The  heavy-mass  of  the 
carriers  provides  a  high  screening  capability.  Additionally,  their  Bohr-radius  as  as  well  as  their 
nominal  distance  from  the  doping  layer  is  smaller  or  nearly  equal  to  the  average  distance  between  the 
Si-dopant  atoms.  Therefore,  the  X-electrons  can  be  very  easily  localized  at  the  minima  of  the 
fluctuating  potential,  hence  smoothing  the  FSP.  As  a  result,  with  X-electrons  in  the  SPSL  the  mobility 
of  the  electrons  in  the  GaAs  SQW  can  be  considerably  increased. 

3.  Configuration  of  layer  structure 

The  structures  were  grown  by  solid-source  molecular  beam  epitaxy  on  GaAs  (001)  substrates.  The 
free  carriers  in  the  10  nm  GaAs  or  (InGa)As  SQW  are  provided  by  remote  6-doping  with  Si.  The 
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Fig.  1  Calculated  potential  and  charge  distri¬ 
bution  of  a  GaAs  SQW  clad  by  GaAs/AIAs 
SPSL[3].  5  marks  the  position  of  the  do-ping 
layer 


Fig.  2  Magnetic  field  dependence  of  p^-A-  and  Pa-\'  at 
T=0.33  K  in  GaAs  SQW  with  X-electrons  on  both 
sides  of  the  QW  sample.  =2,5*  iO'^'  m'" 


barriers  of  the  SQW  consist  of  several  periods  of  4ML  AlAs  /  8ML  GaAs  SPSL.  As  indicated  in 
Fig.  1 ,  on  both  sides  of  the  SQW  single  Si  5-doping  sheets  with  a  doping  concentration  of  were 
inserted  into  a  GaAs  layer  of  the  SPSL  at  a  spacer  distance  ds.  The  low-temperature  magnetotransport 
properties  were  studied  on  samples  with  Hall-bar  geometry  including  a  Ti/Au  gate  electrode  to  change 
the  electron  density. 


4.  Magnetotransport  measurements 

To  demonstrate  the  applicability  of  our  concept  we  show  in  Fig.  2  the  dependence  of  the  components 
of  the  resistivity  tensor  pa-  and  p^,  on  the  magnetic  field  in  a  GaAs  SQW  at  low  temperature.  Very  high 
mobilities  p.  =120  m^Ws  at  high  electron  densities  n  up  to  1.2*10'®  m'^  have  been  obtained.  The  single¬ 
subband  occupation  is  manifested  by  the  one-frequency  Shubnikov-de-Haas  (SdH)  oscillations  of  the 
corresponding  cTxx  component  of  the  conductivity  tensor.  At  temperatures  of  T  =  0.3  K  and  77  K  we 
found  the  maximum  value  of  the  product  «xp=1.4»10'*  (Vs)'‘  and  4.2* lO'’  (Vs)'',  respectively.  These 
values  are  comparable  to  the  highest  conductivities  in  experiments  with  SQW's  at  low  temperatures, 
T<1  K  [4,5].  However,  our  «xp-product  at  T=77  K  is  several  times  higher  than  so  far  reported  for 
2DEGs  [6].  In  the  (InGa)As  SQW  the  alloy  scattering  is  dominating.  However,  to  achieve  very  high 
electron  densities  in  these  SQWs  the  spacer  distance  d,  must  be  low  and  RIS  may  become  important. 
To  demonstrate  the  suppression  of  RIS  by  X-electrons  even  in  (InGa)As  SQWs  we  show  in  Figs.  3a,b 
the  results  of  low-temperature  magnetotransport  measurements.  In  sample  SI  (Fig.3a)  X-electrons  are 
present  on  both  sides  of  the  SQW,  while  in  sample  S2  (Fig.  3b)  the  X-electrons  on  the  surface  side  of 
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Fig.  3a  Magnetic  field  dependence  of  p„  and  Fig.  3b  Magnetic  field  dependence  of  p.„  and 

p.,,  at  T=0,33  K  in  Inn  jGan  sAs  SQW  with  X-  p„  at  T=0.33  K  in  Inn  zGaagAs  SQW  with  X- 

electrons  on  both  sides  of  the  QW  sample  Si,  electrons  removed  from  one  side  of  the  QW 

Ai*=4.10“*  m-ns,in  =  3«10‘®  and  0,7*10'*  sample  S2,  njj«  =  2.9-10'‘  m'-  and  0,6M0'‘  m' 

m'^  for  the  first  and  second  2D  sublevel,  ^  for  the  first  and  second  2D  sublevel, 

respectively,  respectively, 

the  SQW  are  removed  by  etching  a  thin  surface  layer.  Careful  analysis  of  the  SdH  oscillations  reveals 
two  occupied  subbands  no  and  nj  with  similar  occupation  in  both  samples.  The  Hall  mobilities 
p,  H  =p„(0)/pxx(0)  which  we  expect  to  be  mainly  determined  by  alloy  scattering  are  similar  in  the  two 
samples,  too.  Significant  differences  are  seen  in  the  amplitude  of  the  SdH  oscillations  which  contains 
information  about  the  single-particle  relaxation  time  X ,,.  In  comparison  to  sample  S2,  T  is  higher  by  a 
factor  of  4.5  in  sample  SI,  containing  X-electrons  on  both  sides  of  the  SQW.  This  indicates  a  stronger 
reduction  of  the  RIS  by  X-electrons  in  the  barrier.  Although  the  low-temperature  mobility  is  lower  in 
the  case  of  the  (Galn)As  QW  compared  to  the  GaAs  QW  due  to  alloy-scattering,  the  high  carrier 
density  of  4»10'^  m'"  is  promising  to  provide  high  conductivity  at  high  field  applications  of  device 
structures. 

5.  Design  Limits  and  Durability 

There  are  strict  design  conditions  for  which  we  get  reduced  RIS  in  our  modulation-doped  GaAs  QW. 
The  concept  is  effective  only  if  dopant  segregation  and  intermixing  of  the  SPSL  barrier  are  avioded. 
This  is  important,  i.e.,  if  we  want  to  be  flexible  in  placing  the  dopant  sheet  at  discrete  separations  to 
the  well.  For  instance,  by  reducing  the  SPSL  period  from  12  ML  to  6  ML  the  carrier  concentration  is 
not  effected,  but  the  mobility  decreases  by  a  factor  of  about  8.  This  mobility  reduction  is  probably 
caused  by  intermixing  and  dopant  segregation.  It  is  known  that  a  unidirectional  segregation  of  Ga  from 
GaAs  into  AlAs  at  the  GaAs/AlAs  interface  exists[7].  This  Ga  segregation  leads  to  an  intermixing  of 
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the  SPSL  components.  The  intermixing  process  develops  inhomogeneously  depending  on  the  actual 
defect  structure  of  the  surface  (terrace-step  structure).  The  process  will  be  more  pronounced  the 
smaller  the  individual  SPSL  layers  are.  As  a  consequence  the  dopant  segregation  towards  the  SQW 
interface  in  the  growth  direction  is  enhanced  leading  to  an  increase  of  RIS.  Additionally,  strong 
intermixing  can  lift  the  type  n  SPSL  character.  Growing  the  whole  structure  at  a  constant  substrate 
temperature  of  580°C  also  leads  to  a  loss  of  the  extremely  high  electron  mobility  because  of  similar 
reasons.  Therefore,  the  achievement  of  smooth  SQW  interfaces  and  the  suppression  of  dopant 
segregation  in  combination  with  intermixing  effects  must  be  balanced  by  an  adequate  choice  of  growth 
temperatures. 

With  optimized  structure  design  and  growth  conditions  the  remotely  doped  SQWs  with  SPSL  barriers 
presented  here  are  less  sensitive  to  interfaces  and  steps  introduced  by  patterning  of  the  underlying 
template  (substrate)  prior  to  MBE  growth.  We  have  demonstrated  this  unique  durability  by  fabricating 
the  GaAs  SQW  structure  as  described  before  on  pattered  substrates.  The  measured  low-temperature 
carrier  concentration  of  IxlO'^  m~  and  mobility  of  50  mWs  evidence  a  minor  degradation  only.  This 
durability  of  the  structure  is  very  promising  to  realize  three-dimensional  architectures  (e.  g.  back- 
gating,  parallel  conducting  channels,  etc.)  in  advanced  electron  devices 

6.  Conclusions 

In  conclusion,  we  have  shown  that  the  impurity  scattering  in  remotely  doped  GaAs  and  (InGa)As 
SQW  can  be  reduced  effectively  by  the  presence  of  heavy-mass  X-electrons  in  the  direct  vicinity  of  the 
doping  atoms  in  the  barrier.  These  X-electrons  exhibit  an  extremely  high  screening  capability  and  are 
able  to  smooth  the  potential  fluctuations,  caused  by  the  random  distribution  of  the  dopants.  At  low 
temperatures  they  are  localized  and  do  not  contribute  to  the  conductivity.  This  opens  new  possibilities 
for  device  applications.  The  high  electron  conductivity  may  be  decreased  by  dopant  segregation  in 
combination  with  intermixing  effects  in  ultra-short  period  superlattices.  With  an  adequate  choice  of  the 
growth  procedure  these  detrimental  effects  can  be  minimized. 
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Abstract.  InAs  and  InAs/GaSb/AlSb  based  resonant  interband  tunneling  diodes  are  grown  selectively  in 
open  windows  on  patterned  GaAs  substrates.  Tbe  patterning  is  carried  out  by  using  a  recently  discovered 
resistless  process  wherein  the  GaAs  surface  is  modified  in  the  light  exposed  regions  into  forming  a  stable 
gallium  oxide  mask  that  can  withstand  InAs  selective  growth  conditions.  The  one-step  process  used  here 
replaces  multi-step  processes  typically  used  to  pattern  the  silicon  nitride  or  oxide  conventionally  used  as  a 
mask  for  selective  growth.  It  brings  about  many  advantages  such  as  cleanliness,  reduction  in  cycle  time,  and 
improved  compatibility  with  cluster  tools. 


1 .  Introduction 

Selective  area  epitaxy  (SAE),  in  which  a  substrate  is  patterned  with  a  mask  to  enable  the  growth  of 
epitaxial  materid  in  the  open  windows,  has  been  a  useful  technique  in  fabricating  novel  devices  [1]. 
Materials  such  as  GaAs,  InP,  and  InGaAs  have  been  selectively  grown  using  MOCVD  and  CBE  on 
patterned  substrates  [2,3].  The  selective  growth  of  InAs  has  also  been  reported  on  a  nitride  patterned 
GiiAs  substrate  [4],  InAs  selective  growth  opens  up  possibilities  of  novel  devices  and  the  complex 
device  integration  of  resonant  tunneling  diodes  (RITDs)  and  FETs  into  such  devices  as  resonant 
interband  tunneling  FETs  (RITFETs)  [5^].  InAs,  with  its  narrow  bandgap  (0.36eV),  high  electron 
mobility,  and  close  lattice  matching  to  GaSb  and  AlSb,  enables  the  fabrication  of  these  structures.  In  the 
past,  selective  InAs  growth  (and  growth  of  other  compounds)  has  been  reported  on  silicon  nitride  and 
oxide  patterned  wafers  and  a  number  of  challenges.  The  quality  of  the  mask,  particularly  the  cleanliness 
of  a  mask  patterned  using  photoresist,  is  a  significant  factor  in  determining  the  selectivity  of  the  grown 
material.  Conventionally,  silicon  nitride  is  deposited  on  GaAs  wafers  by  plasma  enhanced  chemical 
vapor  deposition  and  patterned  using  photolithograpy  and  reactive  ion  etching.  After  pattern  transfer,  the 
resist  mask  is  removed  using  an  oxygen  plasma.  iVior  to  loading  the  wafers  into  the  CBE  system,  they 
are  cleaned  in  a  dilute  NH4OH  solution.  Any  particulates  present  on  the  mask  surface,  even  on  an  atomic 
scale,  can  act  as  nucleating  sites  for  atoms  during  growth  and  result  in  poor  selectivity.  Growth  on  top 
of  the  nitride,  under  these  circumstances,  appears  as  polycrystalline  material.  Complex  multi-step 
cleaning  processes  are  used  to  ensure  an  atomicily  clean  surface  in  order  to  grow  selective  InAs. 

In  this  paper  we  discuss  howy  many  of  these  patterning  and  growth  related  issues  are  resolved  using 
the  recently  discovered  resistless  process  of  patterning  GaAs  wafers.  Selective  RITDs  are  fabricated 
utilizing  this  technique  as  described  in  this  paper.  Details  on  substrate  patterning  and  the  selective  growth 
of  InAs  as  compared  to  the  conventional  approach,  and  the  results  of  the  fabrication  and  electrical 
characterization  of  RITDs  are  presented. 

2.  Experimental  procedures 

In  the  resistless  process,  a  conventional  chrome-on-glass  mask  is  placed  on  an  epi-ready  GaAs  substrate 
and  exposed  to  collimated  UV  light^^  which  can  be  185  nm  light  that  is  typically  used  in  ozone  cleaners  or 
248  nm  light  [6].  The  substrate  was  exposed  for  a  total  of  three  minutes  under  room  ambient  conditions. 
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The  native  oxide  on  GaAs  substrates  in  the  form  of 
gallium  arsenic  oxide  =  lOA  thick  is  modified  into  a 
more  stable  gallium  oxide  =  15  A  thick  as  measured 
by  an  ellipsometer  [7].  In  vacuum,  the  native  oxide 
desorbs  at  580  °C  whereas  the  modified  oxide  has  a 
higher  desorption  temperature  of  =  645  °C.  In 
comparison  to  a  multi-step  conventional  process 
using  photoresist,  extremely  clean  patterned 
substrates  can  be  obtained  in  just  one  step. 

Epitaxial  growth  was  performed  in  a  Fisons  V90- 
H  CBE  system  on  3"  UV  patterned  (100)  n'^  GaAs 
substrates.  A  15  KeV  reflection  high  energy  electron 
diffraction  (RHEED)  system  at  an  electron  beam 
0  50  i.o  1.5  2  0  2.5  gjjgjg  about  1.5°  was  used  to  determine  growth 

As  Overpressure  (arrival  in  ML/s)  conditions  and  growth  rates.  Surface  temperature 

Fig.  1.  Phase  diagram  showing  the  maximum  was  measured  using  an  IRCON  infrared  optical 

temperature  where  inAs  can  he  grown  under  group  pyrometer.  Arsine  was  injected  through  a  cracker  ceU 
V  stable  conditions  for  increasing  arsenic  arrival  that  was  operated  at  900  °C  for  complete  dissociation 

rates  and  a  constant  In  arrival  rate  of  0.6  ML/s.  of  arsine  into  dimeric  arsenic.  The  native  oxide  was 

The  dotted  line  indicates  the  boundary  of  selective  desorbed  by  heating  the  substrate  to  above  580 

g™**.  OQ  annealing  it  for  10  minutes  under  an  arsenic 

flux.  The  substrate  was  subsequently  cooled  to  approximately  500  °C  and  selective  InAs  growth 
performed.  Trimethylindium  (TMI)  and  arsine  were  used  as  sources  for  the  growth  of  InAs.  Solid  Ga, 
A1  and  Sb  were  used  for  the  growth  of  antimonides  in  the  RITD  device  structore. 


3.  Results  and  discussions 

The  quality  of  the  mask  plays  a  very  important  role 
in  our  ability  to  grow  InAs  selectively  because  of  the 
small  available  growth  window.  This  can  be 
understood  by  examining  the  phase  diagram  in  Fig. 
1  which  shows  the  V/in  ratios  required  for  the 
growth  of  InAs  at  varying  substrate  temperatures. 
The  area  below  the  curve  represents  the  region 
where  stoichiometric  InAs  grows  under  a  group  V 
stable  (2x4)  reconstruction  as  determined  by 
RHEED.  The  curve  is  shown  for  an  In  arrival  rate 
of  0.6  ML/s.  Even  at  temperatures  lower  than  450 
°C,  there  is  a  finite  group  V  desorption  rate  from  the 
InAs  surface  and  hence  As  flux  greater  than  that  of 
the  arrival  rate  of  In  is  needed  to  keep  the  surface 
stable.  As  the  substrate  temperature  increases  for 
the  same  arrival  rate  of  In,  an  increasing  amount  of 
As  is  needed  to  prevent  the  surface  from  turning  In 
rich.  At  temperatures  higher  than  520  °C,  the  high 
As  over-pressure  needed  may  push  the  chamber 
pressures  to  impractical  values.  Thus,  in  reality, 
temperatures  close  to  510  °C  or  below  represent  an 


Fig.  2.  Scanning  electron  microscope  image  of  10 
(xm  square  mesas  of  1  (im  thick  selective  InAs  grown 
on  a  resistlessly  patterned  GaAs  substrate. 


acceptable  upper  limit. 

On  the  other  hand,  selective  InAs  growth  on  patterned  GaAs  substrates  is  possible  only  at 
temperatures  higher  than  500°C.  At  lower  temperatures  the  adatoms  on  the  mask  are  not  able  to 
overcome  the  activation  barrier  for  desorption  and  hence  nucleation  begins,  resulting  in  polycrystalline 
InAs.  Thus,  the  temperature  window  where  InAs  can  be  grown  selectively  is  about  10-15°C.  At 
substrate  temperature  close  to  500  °C,  sufficient  arsenic  over-pressure  is  needed  to  grow  InAs  under  As 
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Fig.  3.  Cross-section  schematic  of  an  RITD  structure 
fabricated. 


stable  conditions;  at  the  same  time,  too  high  a  V/III  ratio  will  render  the  surface  hazy  as  a  result  of  three- 
dimensional  InAs  growth  on  a  GaAs  substrate.  These  boundaries  define  a  narrow  window  for  the  SAE 
of  InAs  as  indicated  by  the  shaded  region  marked  'selective'  in  Fig.  1.  This  understanding  further 
elucidates  the  need  to  measure  surface  temperature  accurately  in  order  to  carry  out  InAs  SAE.  The 
surface  temperature,  as  measured  by  the  pyrometer  is  a  function  of  a  number  of  factors  such  as  type  of 
substrate,  type  of  mask,  area  of  pattern  coverage,  InAs  thickness,  doping,  and  other  hot  sources 

_  radiating  in  the  chamber.  Some  of  these  factors, 

such  as  the  narrow  bandgap  of  the  growing  material 

— iL». '.jjMLjjm,  that  absorbs  radiation  more  efficiently  and  results  in 

an  increase  in  temperature  as  layer  gets  thicker,  are 
InAs  unique  to  InAs  SAE.  These  factors  are  not 

_  significant  while  growing  selective  GaAs.  Other 

factors,  as  discussed  below,  are  sensitive  to  the 
%,  mask.  The  conventional  nitride  mask  used  for  SAE 

GaAs  s  ubstrate  tends  to  result  in  a  higher  measured  temperature  as  a 

‘  result  of  a  difference  in  emissivity  from  that  of  the 

• _ epilayer.  The  offset  is  a  function  of  the  area  of  the 

Fig,  3,  Cross-section  schematic  of  an  RITD  structure  surface  covered  by  the  mask.  In  addition,  the  hot 
fabricated  sources  present  inside  the  CBE  chamber  generate 

light  which  are  reflected  from  the  masked  and 
unmasked  areas  and  the  nitride  mask  tends  to  reflect  light  different  from  that  of  InAs  and  accurate 
temperature  measurement  and  compensation  can  be  difficult.  Surface  roughness  or  a  small  amount  of 
nucleation  on  the  mask  can  also  reflect  heat  from  the  sources  into  the  pyrometer  showing  an  increase  in 
temperature.  It  is  important  to  absolutely  prevent  any  nucleation  on  the  surface  since  this  will  cause  a 
pseudo  temperature  rise  which  when  corrected  for,  will  throw  growth  into  a  positive  feed  back  loop 
ruining  selectivity.  Temperature  correction  during  SAE  of  InAs  has  to  take  into  account  aU  of  these 
above  mentioned  factors;  inappropriate  temperature  correction  will  result  in  poor  selectivity. 

The  thin,  very  clean  gallium  oxide  mask,  with  an  emissivity  close  to  that  of  the  substrate,  eliminates  a 
few  of  these  problems  and  makes  the  selective  growth  process  easier  and  better  controlled.  The 
elimination  of  photoresist  on  the  surface  helps  keep  the  surface  extremely  clean,  preventing  any 
extraneous  material  from  affecting  selectivity.  Fig.  2  shows  10  |im  square  mesas  of  InAs  grown  on 
resistlessly  patterned  (100)  GaAs  substrates.  The  layers  correspond  to  a  bulk  InAs  thickness  of  lp,m  in 
the  [100]  direction.  Along  the  [OH]  direction,  vertical  sidewalls  with  clear  (011)  facets  are  seen. 
Extremely  smooth  (101)  facets  are  obtained  for  45'^ 
oriented  features.  In  the  [OU]  direction,  distinct 
Ga-terminated  (lll)A  and  (311)A  facets  are 
obtained.  The  facets  are  a  result  of  the  net  growth 
rate  in  each  crystallographic  direction,  which  in  turn 
is  a  function  of  the  V/III  ratios,  substrate 
temperature,  shadowing  effects  due  to  orientation  of 
the  lines,  epitaxial  layer  thickness  and  the  source 
substrate  geometry.  No  deterioration  in  the  mask  is 
observed  during  the  selective  growth  of  InAs. 

4 .  Device  results 

The  cross-sectional  schematic  of  a  selective  RITD  is 
shown  in  Fig.  3.  It  consists  of  a  1  pm  thick  2  x 
IQl*  cm'3  Si  doped  InAs  layer,  on  top  of  which  is 
the  active  region  consisting  of  a  6.5  nm  GaSb  layer 
sandwiched  between  2.5  nm  AlSb  and  10  mn 
unintentionally  doped  InAs  [6],  and  200  nm  of  F’f'  f'^tron  — cope  image  of  a 

doped  InAs  which  acts  as  the  top  contacting  layer. 
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The  selective  growth  of  InAs  was  carried  out  under  conditions  described  in  the  previous  section  on  a 
resistlessly  patterned  n'^  GaAs  substrate. 

A  scanning  electron  microscope  picture  of  the  structure  is  shown  in  Fig.  4.  Even  though  the  InAs 
below  the  active  region  was  grown  selectively,  the  AlSb  in  the  active  region  was  non-selective  and  this 
gave  rise  to  the  subsequent  nucleation  of  InAs  on  top  of  the  AlSb,  seen  as  small  polycrystalline  deposits 
on  top  of  the  oxide.  Ohmic  contacts  are 
evaporated  and  a  quick  InAs  wet  etch  is 
performed  to  remove  the  polycrystalline  InAs  ^ 

deposited  on  the  mask.  However,  it  is  possible 
to  use  InAs  directly  to  contact  the  RITD  in 
integrated  device  structures,  without  the  need  for  „  ^ 
contact  metal  evaporation.  The  room  temperature  “g 
I-V  characteristics  of  the  RITD  are  shown  in  Fig.  5  0 

5.  The  peak  to  valley  current  ratio  (PVCR)  is  a  is. 

parameter  typically  used  to  evaluate  resonant  .2 

tunneling  devices.  Room  temperature  PVCRs  in 
the  10-15  range  have  been  obtained,  and  these 
results  are  comparable  to  the  conventional  RTTDs  ' 

fabricated  by  etching  layers  grown  on  planar 
substrates  and  to  those  grown  selectively  using  a 
nitride  patterned  GaAs  substrates  [2,6]. 

Fig.  5.  Room  temperature  IV  characteristics  of  a 

5  .  Summary  selective  Rill)  showing  PVCR. 

GaAs  substrates  are  patterned  without  using  any  photoresist  in  a  simplified  one-step  process.  Extremely 
clean  surfaces  are  obtained  with  a  thin  gallium  oxide  mask  and  this  simplifies  the  selective  growth 
process  of  InAs  as  compared  to  growth  on  a  conventional  nitride  patterned  GaAs.  SAE  of  InAs  was 
utilized  to  demonstrate  RTTDs  with  characteristics  comparable  to  those  seen  in  conventional  RTTDs  that 
are  processed  on  planar  substrates.  Selective  growth  results  in  well  defined  crystallographic  facets  and 
the  thin  gallium  oxide  mask  can  be  used  further  to  obtain  a  higher  degree  of  device  integration  and  more 
complicated  device  structures  that  are  not  easily  possible  with  post  growth  patterning. 
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Ordered  incorporation  of  dopants  in  GaAs:  A  new  route  to  overcome  solubility 
limits 
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Abstract.  An  analysis  of  atomic  configurations  during  Si  incorporation  in  GaAs  by  MBE  has  been  performed 
using  RHEED  and  reflectance  difference  spectroscopy  (RDS).  It  provides  a  direct  explanation  for  the  diffe¬ 
rent  findings  of  the  maximum  sheet  electron  concentration  in  Si-delta  doped  GaAs  reported  in  literature. 


1.  Introduction 

An  important  issue  for  Si  8-doping  of  GaAs  as  well  as  for  very  heavily  doped  bulk-type  material  is  the 
saturation  mechanism  of  the  free  carrier  concentration.  Different  mechanisms  of  structural  or  of 
electronic  type  might  by  operative  [1,2].  The  structural  mechanism  involves  the  Si  incorporation 
kinetics  that  can  be  varied  by  the  structure  of  the  initial  surface  and  by  the  Si  deposition  conditions. 

2.  Experiment 

Si  was  deposited  at  conditions  of  high  adatom  mobility  on  singular  and  on  toward  (lll)Ga  misorien- 
ted  GaAs(001)(2x4)  surfaces.  RHEED  and  RDS  data  were  measured  simultaneously.  The  recorded 
RDS  signal  is  the  real  part  of  the  reflectance  anisotropy  Ar/r  =  2  ( r[Tio]  -  I'iiio])/  (  HTiO]  +i‘[uo]). 

3.  Results  and  discussion 

3.1.  Free  carrier  concentration 

The  effect  of  Si  deposition  conditions  on  the  carrier  concentration  is  apparent  from  the  data  of  Fig.  la. 
The  samples  of  curve  1  were  prepared  by  pulsed  deposition  (5.8x10*^  atoms  cm"^  in  60  s,  interruptions 
of  90  s)  at  590°C  and  by  GaAs  overgrowth  at  540°C  and  an  As4  pressure  yielding  the  (2x4)a  structure 
[3].  Data  for  5-doping  at  590°C  during  continuous  Si  supply  and  GaAs  overgrowth  [4]  are  displayed  in 
curve  2.  Curve  3  [5]  represents  conventional  5-doping  at  lower  temperature  and  higher  As  surface 
coverage  than  used  in  this  work.  In  contrast  to  conventional  5-doping  there  is  no  rapid  decrease  in  the 
carrier  concentration  for  pulsed  Si  deposition  at  590°C  and  GaAs  overgrowth  at  540°C.  Comparison  of 
the  corresponding  SIMS  profiles  reveals  that  the  distribution  of  segregated  Si  atoms  is  narrower  with 
pulsed  Si  supply  than  with  continuous  Si  supply.  Consequently,  the  differences  in  the  maximum  sheet 
carrier  concentration  cannot  be  explained  by  a  concentration  dependent  reduction  of  the  electrical 
activity  of  incorporated  Si  atoms  due  to  the  solublity  limit  and  random  distribution  on  lattice  sites. 

3.2  Dopant  incorporation  model 

Insight  into  the  Si  surface  distribution  is  given  by  monitoring  the  reconstruction  during  Si  supply.  Fig.2 
shows  a  RHEED-intensity  linescan  plot  taken  in  the  [1 10]  azimuth  for  pulsed  Si  supply  on  the  vicinal 
surface.  During  deposition  of  0.4  ML  Si  the  half-order  streak  due  the  initial  (2x4)  structure  splits  into 
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Fig.  1 .  Sheet  carrier  concentration  vs.  Si  sheet  doping  concentration  (a)  and  vs.  AS4  pressure  during  GaAs  overgrowth  (b) 
for  pulsed  8-doping  at  590°C  on  vicinal  GaAs(00l)2‘’  and  overgrowth  at  SdO^C  -  curve  1.  Curve  2  [4]  refers  to  8-doping 
with  continuous  Si  supply  at  590°C  (control  experiment  represented  by  triangle)  and  curve  3  [5]  to  conventional  8-doping 
on  the  singular  surface.  Si  concentration  in  (b)  1.4x10'''  cm'^. 


asymmetric  third-order  streaks  due  to  (3x2)  domains  [6]  until  symmetric  third-order  streaks  due  to  an 
ordered  (3x2)  structure  appear.  In  the  present  case  the  (3x2)  symmetry  is  maintained  up  to  1.2  ML  Si. 
Using  the  difference  function  approach  between  RD  spectra  of  Si-covered  and  bare  surfaces  we  have 
found  that  differently  terminated  surfaces  of  the  same  symmetry  exist  [7].  The  5RD  spectrum  for  0.3 
ML  Si  (Fig.  3a)  is  characterized  by  a  negative  shoulder  at  2  eV  due  to  Ga  dimers  [8]  and  a  minimum  at 
4  eV.  Comparison  with  the  RD  spectrum  from  vicinal  Si(001)(2xl)  [9]  allows  to  identify  the  latter  as 
optical  anisotropy  due  to  Si  dimers  on  the  (3x2)a  surface  (Fig.  4c).  The  6RD  spectrum  for  0.7  ML  Si 
(Fig.  3b)  is  dominated  by  a  minimum  at  4.3  eV  combined  with  a  maximum  at  3.7  eV.  Comparison  with 
the  RD  spectrum  for  As-terminated  Si(001):As(lx2)  [10]  reveals  that  the  4.3  eV  feature  is  an  As  dimer 
related  transition.  The  (3x2)6  structure  is  thus  terminated  by  As  dimers  (Fig.  4d). 


Fig.2.  RHEED-intensity  linescan  plot  (a,b),  and  3.8  eV  RDS 
transient  (c)  vs.  Si  coverage.  The  RHEED  plot  includes  the 
fractional  order  spots  between  the  00  and  01  streaks. 
GaAs(001)2°,  590°C,  pulsed  Si  supply,  IxlO"^  Torr  AS4. 


Fig.  3.  5RD  spectra  (thick  lines)  for  (a)  0.3  and  (b)  0.7  ML 
Si  and  their  comparison  with  the  RD  spectrum  (thin  line) 
for  Si(00l)(2xl)  [9]  and  Si(001):As(lx2)  [10],  respectively. 


89 


These  findings  lead  to  the  Si  incorporation  model  depicted  in  Fig.  4b,c,d  for  deposition  on 
GaAs(OOl)  with  a  (2x4)a  structure  which  is  characterized  by  a  complete  Ga  plane  in  the  second  layer 
[11],  The  existence  of  Si  dimers  already  in  early  incorporation  stages  is  evident  from  the  clear  4  eV 
feature  in  5RD  spectra  for  0.02  ML  Si,  the  lowest  coverage  measured.  During  Si  incorporation  on  top 
of  As,  the  As  atoms  marked  by  a  cross  undimerize  and  rearrange  themselves,  thereby  bridging  the 
trench  and  creating  new  adsorption  sites  for  Si.  The  exposed  Ga  atoms  dimerize  if  neighboured.  In  the 
ideal  case,  after  deposition  of  1/3  ML  Si  this  process  results  in  the  (3x2)a  structure  which  is  highly 
anisotropic  since  the  bond  directions  of  the  Si  dimers  and  of  the  Ga  dimers  as  well  as  the  missing  atom 
rows  are  all  aligned  along  [110].  Above  0.3  ML  the  combined  incorporation  of  Si  and  As  atoms  leads 
to  the  (3x2)P  structure  with  As-dimer  rows  on  top  of  Si  in  the  second  layer.  In  the  ideal  case,  this 
structure  is  completed  with  2/3  ML  Si  deposition.  Since  the  As-dimer  bonds  are  now  perpendicular  to 
the  missing  atom  rows,  the  optical  anisotropy  is  reduced. 

The  change  in  anisotropy  at  the  (3x2)a  to  (3x2)P  transition  is  a  reflected  as  sharp  minimum  in 
the  RDS  transient  recorded  at  T8  eV  (Fig.  2c  ).  The  coverage  required  for  this  minimum  provides  a 
quantitative  measure  for  the  number  of  available  Si  incorporation  sites.  As  the  3.8  eV  RDS  transients 
for  continuous  Si  deposition  on  singular  and  vicinal  surfaces  with  1°  and  2°  misorientation  of  Fig.  5a 
show,  the  misorientation  has  a  strong  influence  on  the  incorporation.  The  first  minimum  in  the 
transients,  due  to  completion  of  the  (3x2)a  structure,  is  shifted  from  0.7  ML  for  the  singular  to  0.35 
ML  for  the  2°  misoriented  surface.  The  stability  range  of  the  considered  GaAs(001)(2x4)a  structure  is 
narrow,  this  structure  is  probably  not  an  equilibrium  phase  [11].  The  usually  observed  (2x4) 
reconstruction  on  the  singular  surface  corresponds  to  the  P2  structure  with  two  As  dimers  per  unit 
mesh  in  the  topmost  layer,  a  missing  Ga  row  in  the  second  layer  and  an  additional  As  dimer  in  the  third 
layer  [12].  The  unoccupied  Ga  sites  in  the  trenches  provide  incorporation  sites  for  0.25  ML  Si.  As 
shown  in  an  STM  study  [13]  for  the  same  deposition  parameters,  the  Si  indeed  preferentially  occupies 
these  vacant  second  layer  Ga  sites,  and  adjacent  Si  atoms  are  eventually  covered  with  As,  bridging  the 
missing  dimer  trenches.  Thus  the  combined  filling  of  the  trenches  and  the  completion  of  the  (3  x2)a 
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Fig.  4.  Surface  configurations  during  Si  incor-  Fig.  5.  3.8  eV  RDS  transients  (a)  and  RHEED-intensity  linescan  plots  (b) 
poration  (a)  in  trenches  of  the  (2x4)P2  struc-  for  continuous  Si  deposition  onGaAs(OOl)  with  different  misorientation 
ture  and  (b)on  top  layer  As  dimers  of  the  toward  (11  l)Ga;  5x10*®  Si  cm'V*,  560°C,  2x10"^  TorrAs4. 

(2x4)a  structure;  (c)  fully  developed  (3x2)a 
and  (d)  fully  developed  (3x2)P  structure. 
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structure  (Fig.  4a, c)  requires  the  deposition  of  (1/4+1/3)  ML  Si.  This  value  agrees  well  with  the  first 
minimum  in  the  PUDS  transient  for  the  singular  surface.  The  minimum  is  shifted  to  a  lower  coverage  for 
1°  misorientation  and  reaches  1/3  ML  for  2°  misorientation  as  expected  for  a  (2x4)a-reconstructed 
surface.  Obviously  the  misorientation  steps  stabilize  this  structure.  The  RHEED  recordings  (Fig.  5b) 
confirm  the  conclusion  that  with  increasing  misorientation  the  completion  of  the  (3  x  2)a  structure  is 
shifted  to  lower  Si  coverages.  Simultaneously  the  ordering  of  the  structures  inereases  with  the 
misorientation.  Whereas  for  the  singular  surface,  in  principle,  over  the  whole  coverage  range  only 
asymmetric  ftactional-order  streaks  are  developed,  for  the  2°  misoriented  surface  the  fractional-order 
streaks  become  completely  symmetric  above  0.35  ML.  This  suggests  a  higher  degree  of  ordering  also 
at  lower  coverages  and  thus  the  preferred  nucleation  along  the  step  edges. 

The  main  difference  between  6-doping  at  conventional  conditions  and  at  high  adatom  mobility 
on  a  vicinal  surface  is  that  in  the  first  case  Si  is  randomly  incorporated  on  Ga  sites  in  trenches  of  the 
(2x4)  reeonstructed  surface,  whereas  in  the  latter  case  these  sites  are  not  available.  This  and  ordering 
phenomena  at  high  adatom  mobility  explain  the  increase  of  carrier  concentration  saturation  by  shifting 
the  onset  of  Si  cluster  formation  (with  Si  on  Ga  as  well  as  on  As  sites)  to  higher  eoncentrations. 

3.3.  Overgrowth  and  segregation 

The  sheet  carrier  density  increases  when  the  As4  pressure  during  GaAs  overgrowth  is  reduced  (Fig. 
lb).  It  drops,  however,  dramatically  when  the  surface  Isecomes  (4x2)  reconstructed.  The  underlying  Si 
segregation  process  can  be  monitored  by  recording  the  specular  beam  RPPEED  intensity  which  is 
inversely  proportional  to  the  Si  induced  kink  density  in  the  As-dimer  rows  [3].  First  real-time  RDS 
experiments  revealed  that  during  Si  segregation  on  the  surface  besides  As  dimers  also  Ga  dimers  exist. 

4.  Conclusions 

Using  RHEED  and  RDS  for  a  detailed  analysis  of  atomic  processes  during  incorporation  of  Si  atoms 
on  GaAs(OOl)  we  have  shown  that  in  dependence  on  the  misorientation  and  structure  of  the  initial 
GaAs(OOl)  surface  the  Si-induced  reconstructions  nucleate  at  randomly  distributed  sites  or  highly 
ordered  at  step  induced  sites.  These  subtle  differences  in  the  incorporation  kinetics  provide  a  direct 
explanation  for  the  different  findings  of  the  maximum  sheet  electron  concentration  in  Si-delta-doped 
G^s  reported  in  the  literature.  The  ordered  incorporation  of  dopants  on  lattice  sites  under  strict  MBE 
growth  control  allows  to  push  the  upper  limit  of  the  sheet  carrier  density  in  GaAs  well  above  lO'^  cm'^. 
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Abstract:  Flow  Modulation  Organometallic  Vapor  Phase  Epitaxy  (OMVPE)  was  used  to  synthesize  selectively 
doped  GaInP/GalnAs/GaAs  pseudomorphic  heterostmctures.  Transport  properties  of  the  two  dimensional  electron 
gas  (2DEG)  were  optimized  with  various  buffer  formation  schemes,  techniques  for  single  sided  doping,  and  the 
channel  and  spacer  layer  thicknesses.  GaAs  buffers  were  deposited  at  550°C  and  635“C,  while  GalnP  layers  were 
grown  at  550°C  to  promote  atomic  disordering.  Achieving  high  2DEG  densities  involved  incorporating  several 
delta  doping  supply  layers  separated  by  thin  GalnP  regions.  Mobilities  as  high  as  5100  cm^volt  ‘sec  ‘  with 
associated  2DEG  densities  of  2.6  X  10'^  cm'^  were  obtained  at  room  temperature.  Effects  of  vicinal  substrates  on 
mobilities  was  determined  with  conduction  paths  parallel  and  perpendicular  to  steps  seen  in  AFM  images. 
Finally,  RF  results  are  presented  on  devices  with  0.25pm  X  100pm  gate  geometry. 


1.  Introduction 

High  electron  mobility  transistors  (HEMTs)  are  very  promising  devices  for  high  speed  digital  circuits  [1] 
and  low -noise  amplifiers  [2].  Electron  confinement  with  Ga^Ini.xP  produces  lower  channel  sheet 
resistance  compared  to  the  conventional  Al^Gai.^As  barrier  material.  Advantages  of  GalnP  include  a 
smaller  donor  binding  energy,  the  lack  of  electronically  active  donor  related  deep  levels  (DX-centers), 
and  oxidation  problems  associated  with  the  AlGaAs  alloy.  Disordered  GalnP  barriers  latticed  matched  to 
GaAs  also  provide  larger  conduction  band  offsets  compared  to  Alp  22*3^0.78'^®  (2^®  ISOmeV).  Even 
greater  conduction  band  offsets  are  possible  with  pseudomorphic  Gap  55lno,35P  barriers  (380meV), 
increasing  the  2DEG  density  in  the  channel  [3],  Simultaneously  solving  Poisson  and  Schrodinger’s 
equations  using  C-band  code  [4]  predicts  a  2DEG  density  of  2.4  X  10  cm  in  the  n=l  state  of  the 
Gao  eslnp  35AS  channel.  In  the  past,  attempts  to  achieve  this  density  involved  decreasing  the  growth  rate 
of  the  supply  layer,  doping  of  the  channel  [5],  or  adding  aluminum  to  the  barrier  material  [6].  Our  initial 
efforts  on  a  continuously^  doged  supply  layer  grown  at  a  reduced  rate  of  IvA/min  produced  a  2DEG 
density  of  only  3.4  XIO*  cm'  .  Single  sided  delta  doping  with  undoped  channels  was  used  to  obtain  the 
required  electron  concentration.  We  have  optimized  growth  parameters  of  the  GaAs  buffers,  GalnAs 
channel,  GalnP  spacer,  and  delta  doped  supply  layers. 


2.  Experimental  Procedure 

Layers  were  grown  at  550°C  in  a  vertical  barrel  OMVPE  reactor  held  at  76  torr  using  the  precusors, 
triethylgallium  (TEG),  trimethylindium  (TMI),  arsine,  and  phosphine  [7].  For  the  supply  layer  doping, 
silane  diluted  200ppm  in  hydrogen  was  used  at  0.67|i,moles/min.  GaAs  buffer  layers  consisted  of  an 
initial  bOOOA  deposited  at  lOOA/min  followed  by  500A  at  35A/min.  The  growth  rate  for  Gag  gslng  35AS 
and  Gag  gslng  35P  were  95A/min  and  70A/min,  respectively.  The  complete  HEMT  stmcture  is  shown  in 
Figure  la.  The  2DEG  resides  in  75  A  thick  GalnAs  quantum  well  channel  separated  from  the  delta 
doped  supply  layer  by  an  undoped  45  A  thick  GalnP  spacer.  Details  of  the  multiple  delta  doped  regions 
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Figure  1 .  HEMT  structure,  (a)  is  a  schematic  of  the  structure  with  detail  on  the  delta  doping  scheme  employed,  (b)  is  a 
SEM  micrograph  of  an  end  view  of  a  0.25)a.m  X  100pm  gate  with  source  drain  separation  of  5pm. 


are  shown  in  the  inset  for  clarity.  On  top  of  the  delta  doped  region,  an  additional  layer  (160A  thick)  of 
undoped  GalnP  was  used  under  the  Schottky  gate  while  a  250A  n+  GaAs  layer  is  used  for  the  ohmic 
source/drain  contacts. 

Devices  were  fabricated  using  a  three-level  process  which  required  both  optical  and  e-beam 
lithography.  Isolation  mesa’s  of  lOOOA  were  defined  using  a  non-selective  acetic  acid  based  etchant, 
while  ohmic  contacts  for  the  source  and  drain  incorporated  a  Ni/Au/Ge/Ag/Au  metallization.  Recessed 
gate  structures  with  gate  lengths  of  0.25  |i.m  and  widths  of  either  50  |j.m,  75  |dm,  100  |J.m  or  150  )im 
were  written  using  e-beam  lithography.  A  Ti/Pd/Au  metallization  was  used  as  the  mushroom-shaped 
Schottky  gate  contact  shown  in  the  SEM  image  presented  in  Figure  lb  [3]. 


3.  Results  and  Discussions 

Three  GaAs  buffer  designs  were  investigated  motivated  by  the  desire  to  improve  the  channel  breakdown 
voltage.  It  was  found  that  the  quality  of  the  2DEG  (mobility  and  sheet  density)  was  strongly  influenced 
by  the  growth  temperature  of  the  buffer  used.  Two  growth  temperatures  were  investigated:  at  635°C, 
step  flow  growth  was  observed  on  GaAs  layers  on  non-vicinal  substrates,  producing  background  carrier 
concentrations  of  5  X  10  cm  ,  while  growth  at  550°C  results  in  rough  surfaces  (±3nm)  with 
unintentional  electron  concentrations  as  high  as  1-2  X  10**  cm"^.  The  latter  buffer  significantly  degrades 
device  isolation  and  reduces  breakdown  voltages.  Unfortunately,  it  is  necessary  to  grow  disordered 
GalnP  for  large  AEc,  requiring  temperatures  <  550°C.  Exploiting  the  advantages  of  a  high  temperature 
buffer,  the  temperature  was  reduced  for  the  active  portion  of  the  HEMT  structure.  Carrier  concentrations 
derived  from  CV  measurements  are  shown  in  Figure  2  for  buffers  grown  entirely  at  550°C  compared  to 
growing  first  at  635°C,  then  at  550°C.  To  further  reduce  charge  in  the  GaAs  buffer,  V/m  ratios  were 
lowered.  Exploring  V/m  ratios  in  the  range  1.0  to  10.0,  maximum  mobility  and  sheet  density  were 
achieved  at  a  V/m  of  2.25.  Mobility  reductions  as  large  as  15%  were  seen  at  V/m  ratios  below  2.25 
due  to  surface  roughening.  In  the  range  from  2.25  to  10.0,  no  significant  changes  were  seen  in  the 
room  temperature  transport  properties. 

The  Gag  55lng  ^5As  pseudomorphic  channel  was  varied  from  40A  to  120A,  the  critical  thickness 
of  this  layer  being  75 A.  A  13%  reduction  in  mobility  along  with  a  21%  decrease  in  sheet  density  was 
seen  on  40A  compared  to  75A  channels  as  a  result  of  weaker  carrier  confinement.  Channels  beyond  the 
near  optimum  critical  thickness  resulted  in  a  reduction  of  the  mobility  by_  as  much  as  60  % .  The  inset  of 
Figure  2  shows  the  measured  2DEG  profile  displaying  a  FWHM  of  92A  which  agrees  well  with  the  C- 
band  calculated  value  of  84A. 
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Room  temperature  mobilities  were  used  to  evaluate  effects  of  spacer  thickness  as  seen  in  Figure 
3.  The  mobility  decreases  with  thinner  spacers  due  to  increased  ionized  impurity  scattering  while  the 
thicker  results  in  parallel  conduction  within  the  supply  layer.  A  spacer  of  lOOA  produced  the  highest 
mobility  of  5400  cm\olt'  sec'  ,  but  at  a  less  than  desired  2DEG  density.  Maximum  channel 
conductance  was  obtained  at  a  spacer  thickness  of  45 A  with  a  mobility  of  5100  cm  volt  sec  and  the 
required  2DEG  density  of  2.6  X  lo'^cm  ^ . 


Distance  (fim) 

Figure  2.  CV  derived  carrier  concentrations  for  different 
buffer  formation  schemes.  Inset  shows  2DEG  profile. 


Spacer  Thickness  (A) 


Figure  3.  Effects  on  300°K  mobilities  and  2DEG 
densities  for  variations  in  spacer  layer  thickness. 


Growth  was  suspended  just  after  deposition  of  the  channel  to  determine  effects  of  (100)  vicinal 
surfaces  on  the  growth  front.  Substrates  were  either  on-axes  (±0.1°),  3°  or  6°  miscut  surfaces  towards 
the  <1 1 1>B.  Growth  on  vicinal  surfaces  is  known  to  promote  alloy  disordering  in  GalnP  which,  in  the 
case  of  the  3°  miscut,  produced  an  enhancement  in  the  carrier  confinement  as  observed  in  CV  profiles 
(not  shown).  AFM  images  for  each  case  are  shown  in  Figure  4.  Strain  induced  steps  are  seen  on  the 
non-vicinal  substrate  with  height  of  <30A.  Step  bunching  is  present  on  the  vicinal  surfaces  in  the 
direction  of  the  miscut  with  step  heights  of  120A  and  200A  for  the  3°  and  6°  miscut,  respectively.  It  was 
discovered  that  the  bunching  originates  in  the  buffer  layers  and  propagates  throughout  the  structure  and 
results  in  a  reduction  of  the  room  temperature  mobilities.  This  measured  decrease  with  increasing  degree 
of  miscut  is  from  5000,  2670,  and  2100  cm\olt’'sec''  for  on-axis,  3°  and  6°  samples.  Similar 
mobilities  were  observed  with  conduction  parallel  or  perpendicular  to  the  direction  of  the  step  bunching. 


Figure  4.  AFM  images  of  the  GalnAs  channel  on  (a)  0°,  (b)  3°  miscut,  (c)  6°  miscut.  Scan  areas  are  2.5pm 


Delta  doping  was  done  in  the  supply  layer  with  varying  dopant  exposure  times  from  30sec  to 
600sec.  With  silane  concentrations  of  200ppm,  the  2DEG  densities  saturates  at  1.65  X  10  cm  after 
600sec.  To  achieve  the  higher  electron  density  needed,  multiple  delta  doped  layers  were  incorporated 
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between  thin  (2-3  monolayers)  GalnP  layers  as  depicted  in  Figure  1(a).  A  two  minute  exposure  time 
was  chosen,  and  up  to  eight  separate  layers  were  deposited.  The  2DEG  density  increased  linearly  from 
3.5X10  cm  for  one  delta  doped  layer  to  2.8  X  10  cm’  for  eight  layers.  This  high  a  density  could 
not  be  reached  employing  a  continuously  doped  layer  of  the  same  thickness. 

RF  performance  is  shown  in  Figure  5  for  devices  with  gate  dimensions  of  0.25  |J,m  by  100  |lm. 
This  transistor  had  low  source-drain  isolation  of  roughly  40  kfi.  Poor  isolation  is  believed  to  be  caused 
by  insufficient  etching  of  the  device  mesa  -  parasitic  conduction  occurs  in  the  relatively  large  pads 
used  to  accommodate  the  co-planar  microwave  probes.  Maximum  transconductance  of  252mS/mm  was 
measured.  Frequency  response  gives  ft=25.5GHz  and  f^gx=59.5GHz  compared  to  state-of-the-art 
values  of  f(=67.4  GHz  and  f„ax=188.4GHz  [3].  Other  factors  influencing  the  RF  performance  include 
the  source/drain  ohmic  contacts  (R^  ~  1  D  mm)  due  to  insufficient  silane  doping  in  the  GaAs  cap. 


Frequency  [GHz] 

Figure  5.  RF  response  from  HEMT  with  gate  geometry  of  0.25|Xm  X  lOOgm. 


4.  Conclusions 

HEMT  structure  utilizing  a  stress  compensated  pseudomorphic  Gag  65lno35P/Gao  55100  35As/GaAs 
heterostructure  were  studied.  GaAs  buffer  layer  formation  required  a  high  temperature  (635°C)  growth 
segment  and  at  a  reduced  V/in  ratio  of  2.25  to  minimize  unintentional  charge  detrimental  to  device 
performance  and  isolate  the  electron  traps  in  the  SI  substrate.  Channel  and  spacer  layer  thicknesses  were 
optimized  at  Ilk.,  and  45A  respectively.  Single  sided  delta  doping  was  successfully  implemented  using 
up  to  eight  planar  doping  layers  separated  by  2-3  monolayers  of  GalnP  within  the  supply  layer.  This 
provided  the  needed  2DEG  density  of  2.6  X  10  cm  with  associated  mobility  of  5100  cm  volt  sec  . 
RF  performance  on  transistors  (0.25  [im  gate  length)  with  an  unoptimized  process  yielded  an 
ft=25.5GHz  and  fn,3^=59.5GHz. 
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Abstract.  We  studied  the  effect  of  group  V  switching  times  on  the  formation  of  interfacial 
layers  in  InGaP/GaAs  heterostructures  grown  by  LP-MOCVD  using  low  temperature 
photoluminescence  (PL),  double  crystal  x-ray  diffraction  (DCXRD)  and  high  resolution 
transmission  electron  microscopy  (HR-TEM).  Due  to  the  severe  substitution  process  of  P  by  As, 
the  quality  of  InGaP-to-GaAs  interface  was  very  sensitive  to  switching  times.  By  optimizing  the 
switching  conditions,  we  were  able  to  minimize  the  interfacial  layers  to  one  monolayer  (ML) 
of  Ino  jGao  sAs  at  the  GaAs-to-InGaP  interface  and  1  ML  of  Ino  ^sGao  ^jPo  isAso.gs  at  the  InGaP-to- 
GaAs  interface.  Heterojunction  bipolar  transistors  (HBTs)  grown  using  this  switching  scheme 
showed  excellent  etch  selectivity  as  well  as  dc  characteristics. 

1.  Introduction 

InGaP  lattice  matched  to  GaAs  has  been  intensively  studied  recently  due  to  its  wide  range  of 
device  applications  [1-4].  The  InGaP/GaAs  material  system  is  a  particularly  good  candidate  for 
high  speed  HBTs  because  of  its  superior  band  alignment  and  high  chemical  etching  selectivity 
compared  to  AlGaAs/GaAs[5].  For  InGaP/GaAs  HBTs,  it  is  especially  important  to  have  an 
abrupt  interface  at  the  emitter-base  junction  to  reduce  recombination  in  the  space-charge  region  at 
the  emitter/base  interface.  It  is  also  important  for  the  InGaP-to-GaAs  interface  from  the  emitter 
to  the  cap  layer  to  be  free  from  quaternary  formation.  If  a  thick  quaternary  layer  forms, 
difficulties  in  using  selective  wet  chemical  etches  may  be  encountered  including  inability  to 
initiate  etching  or  non-uniform  etching. 

In  this  article,  we  present  a  study  optimizing  the  switching  sequence  for  lattice  matched 
InGaP/GaAs  heterostmctures  grown  by  LP-MOCVD.  The  optimum  switching  is  determined 
through  both  optical  (low  temperature  PL)  and  stmctural  (DCXRD  rocking  curve  and  HR- 
TEM)  characterization  techniques. 

2.  Experiment 


All  of  the  InGaP/GaAs  heterostructures  used  in  this  switching  study  were  grown  in  an  Emcore 
vertical  flow  MOCVD  reactor.  The  chamber  pressure  was  kept  at  76  Torr.  The  thermal  couple 
temperature  was  600°C.  TMGa  and  TMIn  were  used  as  group  III  precursors  and  pure  AsHj 
and  PHj  were  used  as  group  V  precursors.  These  samples  were  grown  on  2°  misoriented  GaAs 
substrates  with  a  V/m  ratio  of  145.  The  growth  rates  for  InGaP  and  GaAs  were  kept  constant  at 
3  |im/h  and  1.8  pm/h  respectively. 

The  general  switching  sequence  used  in  the  experiment  is  shown  in  Fig  1.  After  switching 
off  the  group  IB  precursors,  an  AsHj  overpressure  is  maintained  for  t,  seconds.  PHj  is  then 
introduced  for  tj  seconds  before  the  group  III  precursors  are  introduced.  A  similar  scheme  is 
used  for  the  InGaP-to-GaAs  interface. 
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Figure  1.  Switching  sequence  of  InGaP/GaAs  heterostructure  grown  by  LP-MOCVD. 

Single  heterostructures  of  GaAs-to-InGaP  with  a  1000  A  GaAs  buffer  and  3000  A  InGaP 
were  grown  to  characterize  interface  abruptness  using  low  temperature  PL  when  varying  tj  and 
t2.  Similar  structures  with  a  1  pm  InGaP  buffer  and  3000  A  GaAs  were  grown  to  study  the 
effect  of  switching  times  on  InGaP-to-GaAs  interface  by  optical  investigation.  Quantum  well 
structures  were  also  grown  for  DCXRD  measurements.  The  structures  consisted  of  a  3000  A 
InGaP  buffer  and  30  periods  of  250  A  InGaP  barriers  and  80  A  GaAs  wells.  The  switching 
times  were  optimized  individually  by  varying  one  and  keeping  the  rest  constant.  HR-TEM  lattice 
images  were  taken  with  optimized  and  non-optimized  switching  schemes  in  order  to  directly 
examine  the  extent  of  the  interfacial  layer. 

Finally,  large  area  HBTs  were  fabricated  with  both  optimized  and  non-optimized  switching 
schemes.  DC  measurements  were  performed  on  these  devices  to  demonstrate  the  effect  of  the 
different  switching  schemes  on  device  performance. 


3.  Results  and  discussion 

Four  GaAs-to-InGaP  samples  were  grown  with  t,  values  of  0,  3,  12  and  60  seconds,  tj  was 
fixed  at  3  seconds.  Low  temperature  PL  (4  K)  was  performed  on  these  samples.  For  each 
sample,  a  GaAs  excitonic  peak  at  1.512  eV  and  a  band-to-acceptor  peak  at  1.49  eV  were 
observed  [6].  The  intensity  of  these  peaks  was  used  to  evaluate  the  interface  quality.  For  samples 
with  t,  of  0,  3  and  60  seconds,  the  intensity  for  both  the  excitonic  peak  and  the  band-to-acceptor 
peak  was  very  low.  The  PL  intensity  was  the  highest  for  t,  equal  to  12  seconds.  This  indicates 
the  lowest  level  of  non-radiative  recombination  and  thus  the  most  abrupt  interface  among  these 
samples.  Three  other  sets  of  samples  were  grown  to  study  tj  and  t^  using  the  same  method  as 
above.  The  optimum  values  for  t,,  t2,  t,  and  were  determined  to  be  12,  3,  12  and  0  seconds, 
respectively.  The  switching  times  suggest  that  a  growth  pause  under  AsHj  (PHj)  overpressure 
for  a  GaAs  (InGaP)  surface  is  necessary  to  produce  a  smooth  As  (P)  terminated  surface.  In 
addition,  the  residual  AsHj  is  removed  from  the  chamber  when  GaAs  growth  is  finished  and 
before  initiating  InGaP  growth.  Because  the  substitution  of  As  by  P  is  not  severe  at  the  GaAs- 
to-InGaP  interface  PHj  can  be  introduced  for  3  seconds  while  removing  AsHj.  However, 
because  the  substitution  of  P  by  As  is  much  more  efficient,  AsH3  overpressure  should  be 
avoided  on  P  terminated  surfaces. 
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Figure  2.  X-ray  scan  and  simulation  of  a  30  period  InGaP/GaAs  MQWs  with  optimized  switching 

condition. 

The  effects  of  switching  on  interface  quality  were  also  studied  by  DCXRD  measurements  of 
30  period  InGaP/GaAs  superlattices.  Each  sample  had  30  periods  of  80  A  GaAs  wells  and  250 
A  barriers.  A  dynamic  simulation  was  performed  on  the  x-ray  data  using  commercially 
available  software  by  Bede  Scientific  to  determine  the  interfacial  layer  composition  and 
thickness.  Figure  2  shows  the  x-ray  rocking  curve  of  the  superlattice  grown  using  the  optimized 
switching  times.  Sharp  satellite  peaks  indicate  abrupt  interfaces  [7],  The  broad  peak  on  the  right 
side  of  the  GaAs  substrate  peak  was  caused  by  the  presence  of  the  InGaP  buffer  layer.  The 
simulation  suggests  that  the  GaAs-to-InGaP  switch  results  in  only  1  ML  of  In^  jGa,,  jAs  which 
is  expected  at  this  interface  as  In  and  Ga  are  introduced  on  an  As  terminated  surface.  The  ability 
to  model  this  interfacial  layer  as  a  ternary  rather  than  a  quaternary  layer  also  indicates  the 
substitution  of  As  by  P  was  negligible.  The  InGaP-to-GaAs  switch  results  in  only  1  ML  of 
Ing  jjGao  jjPd  ijASq  gj.  This  suggests  the  substitution  process  of  P  by  As  was  so  fast  that  most  of 
the  P  atoms  at  the  surface  were  instantly  replaced  by  As  when  it  arrived  at  the  surface.  The  high 
In  concentration  also  suggests  that  In  has  an  appreciable  memory  effect  compared  to  Ga[8]. 

HR-TEM  measurements  were  conducted  on  a  sample  with  the  optimized  switching  scheme. 
In  Fig  3,  fluctuations  on  the  order  of  1  ML  are  present  for  the  sample.  From  this  we  can 
conclude  that  by  optimizing  the  switching  scheme,  1  ML  abmptness  can  be  achieved  for  both 
interfaces. 


InGaP 


GaAs  ■  .  - 


InGaP 


Figure  3.  HR-TEM  lattice  image  of  a  InGaP/GaAs  QW  with  the  optimized  switching. 
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Figure  4  Gummel  plot  of  InGaP/GaAs  HBT  using  optimized  switching  parameters. 

Finally,  InGaP/GaAs  HBTs  were  grown  with  both  the  optimized  switching  and  a  non- 
optimized  switching  at  the  base-emitter  junction  in  order  to  direcdy  compare  the  effect  of  the 
switching  scheme  on  device  performance.  The  HBT  with  the  optimized  switching  has  a  dc 
current  gain,  fi=82  at  Ic=l  mA  and  a  base  sheet  resistance  of  Rsb=265  Q/sq.  The  HBT  with  non- 
optimized  switching  at  the  base-emitter  junction  has  a  6=62  at  Ic=l  mA  and  Rsb=280  £2/sq.  The 
ideality  factor  improved  from  1.12  to  1.08  hy  optimizing  the  switching  at  the  base-emitter 
junction. 


4.  Conclusion 

The  switching  times  for  growing  InGaP/GaAs  heterostructures  were  optimized  by  4  K  PL  study 
of  single  interface  strucmres  and  verified  with  HR-TEM  and  DCXRD  measurements  of  the 
superlattices  grown  with  the  same  switching  sequences.  Single  ML  interfacial  layers  were 
obtained  at  both  GaAs-to-InGaP  and  InGaP-to-GaAs  interfaces.  InGaP/GaAs  HBTs  were 
grown  using  the  optimized  switching  scheme.  Excellent  selective  chemical  etching  was  obtained 
at  both  the  base-emitter  junction  and  the  emitter-cap  interface.  Optimized  switching  at  the  base- 
emitter  junction  significantly  improves  the  current  gain. 
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Abstract  Growth  of  lattice  matched  L12Q  and  1.3Q  GaxIni.xASyPi.y  was  performed  with  all  solid  source 
molecular  beam  epitaxy,  Different  P  and  As  valved  cracking  cell  designs  were  investigated  to  enhance 
photoluminescence  (PL)  emission  uniformity.  With  appropriately  constructed  cells,  the  variation  in  the  PL 
emission  wavelength  across  a  two  inch  diameter  wafer  could  be  made  as  small  as  —1%  at  1.3  pm  and  0.6%  at 
1.12  pm.  Multi-quantum  well  laser  diodes  fabricated  with  strained  wells  and  lattice  matched  barriers  show  a 
transparency  current  density  as  low  as  71  A/cm^  per  well  and  greater  than  0.5  W/A  efficiencies. 


1.  Introduction 

All  solid  source  molecular  beam  epitaxy  (MBE)  is  a  safe,  high  precision  growth  technique.  Until  just  a 
few  years  ago  growth  of  III- V  compounds  and  devices  by  MBE,  exclusively  with  all  solid  sources,  was 
limited  to  the  arsenides  and  antimonides.  Reproducible  growth  of  quaternary  compounds  containing 
phosphorus  was  not  possible  without  use  of  hydrides  or  metalorganic  sources,  even  though 
polycrystalline  InP  and  GaP  sources  were  capable  of  supplying  phosphorus  vapor.'  Red  phosphorus 
could  not  be  utilized  because  the  derived  beam  flux  was  highly  unstable,  even  though  it  had  been  used 
successfully  for  growth  of  red-emitting  AlGalnP  laser  diodes.^  The  beam  flux  instability  was  a 
consequence  of  a  seemingly  random  red  to  white  phosphorus  phase  transformation.  The  three 
temperature  zone  valved  phosphorus  cell,  recently  developed,  permits  amorphous  red  phosphorus  to  be 
used  as  a  starting  source.  More  specifically,  in-situ  generation  of  high  vapor  pressure  a  -white 
phosphorus  from  amorphous  red  phosphorus  allows  the  production  of  a  an  ultra-stable  P2  beam  flux.^ 
Subsequently,  reproducible  stoichiometric  growth  of  GaxInj.xAsyPj-y  layers  and  heterojunction 
devices  is  now  possible  with  all  solid  sources,  provided  both  As  and  P  valved  cracking  cells  are 
employed.  High  electron  mobility  transistors,''  heterojunction  bipolar  transistors,^  Fabry-Perot  lasers®"® 
and  distributed  feedback  laser  diodes'®  have  all  been  demonstrated  using  valved  arsenic  an  phosphorus 
sources.  As  solid  source  valved  cracker  cell  technology  continues  to  mature,  it  will  become  increasingly 
relevant  to  MBE  electronic  and  photonic  device  production. 


2.  Experimental 

Uniformity  is  of  prime  importance  to  the  manufacture  of  devices.  Different  As  and  P  valved  cell  designs 
were  studied  for  the  purpose  of  improving  the  emission  wavelength  uniformity.  Spatially  uniform  beam 
fluxes  are  the  most  important  requisite  for  achieving  good  composition  uniformity.  Particular  attention 
was  paid  to  the  construction  of  the  cracking  head  section  of  each  valved  cell.  Minimization  of  the  beam 
flux  transient  is  essential  for  obtaining  proper  multi-quantum  well  (MQW)  device  performance,  but  at 
least  with  respect  to  phosphorus,  this  must  not  be  realized  at  the  expense  of  cracking  efficiency. 
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Modification  of  the  cracking  portion  of  the  cells  required  changes  to  the  flux  control  valve  and/or  heater 
geometry.  For  the  arsenic  cell,  this  entailed  retracting  the  control  valve  so  that  it  was  contained  entirely 
within  the  heated  region,  the  addition  of  a  small  amount  of  baffling,  and  a  diffuser  at  the  end  of  the 
cracking  tube.  This  is  the  VC-IV  As  cell,  which  is  an  altered  VC-III.  Modifications  to  the  phosphorus 
cell  cracker  section  included  changing  the  in-line  heater  to  a  radial  heater,  adding  400  cm^  of  a  non¬ 
baffling  Ta  surface  and  end  diffuser.  The  phosphorus  valve  was  also  modified  to  increase  its 
conductance.  More  specific  design  details  will  be  given  elsewhere. 

Of  interest  here  is  the  uniformity  of  quaternary  material  near  1.12  pm  (1.12Q),  used  for  separate 
confinement  (SCH)  and  barrier  layers,  and  1.3  pm,  the  QW  emission  wavelength.  The  growth  system 
used  was  a  Riber  2300  with  2  inch  capability.  Column  III  sources  were  supplied  via  standard  effusion 
cells.  The  column  V  fluxes  were  extracted  from  standard  and  modified  Riber  KPC  series  phosphorus, 
and  Riber  VAC  series  and  EPI  VC  series  arsenic  valved  cells.  Quaternary  layer  growth  was  performed 
at  500  °C  on  (100)  n-type  InP,  for  both  PL  emission  uniformity  experiments  and  MQW  laser  structures. 
InP  buffer  and  cladding  layers  were  grown  at  470  °C.  Temperature  was  measured  with  an  optical 
pyrometer  and  the  values  quoted  are  relative  to  a  measured  InP  oxide  desorption  temperature  of 
490  °C.  MQW  lasers  were  grown  by  fixing  the  P  flux  and  modulating  the  As  flux  during  SCH,  barrier 
and  QW  layer  growth.  Growth  interrupt  times  of  12s  were  used  at  the  SCH,  QW  and  barrier  interfaces 
to  allow  for  stabilization  of  the  As  beam.  Both  n-  and  p-  type  dopant  levels  were  held  constant  at 
1  X  lOl*  cm"3  within  the  confinement  regions  of  the  laser,  using  Si  and  Be  sources,  respectively. 


3.  Results 

The  PL  emission  wavelength  uniformity  as  a  function  wafer  position,  for  three  separate  lattice  matched 
quatemaiy  layer  growths  (on  InP),  are  shown  in  Fig.  1.  Each  layer  is  0.8  |j,m  thick.  Curve  I  was 
obtained  using  standard  (unmodified)  KPC40  and  VC-III  cell  combination.  The  variation  in  wavelength 
is  56  nm  (~4%).  A  maximum  wavelength  variation,  shown  by  Curve  II,  of  19  nm  was  obtained  with 


G«,Ini.^SyP,.j, 


Ga,In,.,ASyP,.j, 


RADIAL  POSITION  (mm) 


Fig.  1  PL  wavelength  as  a  function  of  wafer  position 
for  lattice  matched  layers  obtained  with  three 
different  As  and  P  valved  cell  design  combinations. 
The  best  uniformity  achieved  was  14.5  nm,  ~1%. 


Fig.  2  PL  emission  wavelength  as  a  function  of 
wafer  position  for  typical  lattice  matched  SCH  and 
barrier  layer  material.  The  uniformity  is  6.5  nm, 
0.6%. 
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unmodified  KPC250  and  Riber  VAC500  combination.  Curve  III,  having  a  best  wavelength  uniformity 
of  14.5  nm,  or  ~1%,  was  achieved  with  modified  KPC250  and  VC-IV  cells.  Shown,  in  Fig.  2,  is  the 
emission  uniformity  for  typical  SCH  and  barrier  layer  material,  also  grown  with  the  modified 
KPC250A'C-IV  combination.  The  wavelength  uniformity  here  is  0.6%,  or  6.5  nm.  The  variation  in  the 
As/P  mole  fraction  indicated  in  the  figure  is  believed  due  almost  entirely  to  the  variation  in  the  In/Ga 
mole  fraction.  The  relative  abundance  of  In  and  Ga  adatoms  strongly  influences  the  As  and  P 
incorporation  rates.  Equally  important,  the  run-to-run  wavelength  variation  for  the  quaternary 
improved  slightly,  from  13  nm  to  10  nm. 

Epitaxial  quaternary  material  can  exhibit  strong  phase  separation  within  the  region  bounded  by 
1.25  pm  and  1.36  pm.  The  degree  of  spinodal  decomposition  occurring  as  the  layer  grows  is 
intrinsically  dependent  upon  growth  temperature.  In  general,  quaternary  material  tends  to  phase 
separate  into  GaP  and  InAs  rich  regions  on  the  growth  surface,  which  incorporate  into  the  layer.  The 
resultant  spatial  segregation  induces  non-uniform  biaxial  strain  and  energy  shift  to  the  band  gap.  This  is 
a  particularly  important  consideration  when  GaxIni_xASyPi_y  is  used  for  QW  material.  With  respect  to 
structural  integrity,  spinodal  decomposition  can  impart  a  roughening  to  the  QW-barrier  interfaces.  In 
the  case  of  a  MQW  laser  diode,  rough  interfaces  will  degrade  device  performance,  primarily  by 
increasing  the  internal  losses  of  the  structure.  Higher  growth  temperatures  produce  layers  with  a 
smaller  degree  of  phase  separation,  improved  morphology,  reduced  PL  spectral  widths,  higher  PL 
intensities  and  less  shift  to  the  band  edge  emission.  For  these  reasons,  SCH,  barrier  and  QW  layers  are 
grown  between  500  -  5 10°C,  rather  than  at  470  “C  along  with  the  InP  cladding  material. 

Threshold  current  density  data  as  a  function  of  inverse  cavity  length  for  lasers  with  different  well 
strain,  -0.5  %  (tensile)  and  0.73%  (compressive),  are  shown  in  Fig.  3.  Individual  data  points  represent 
an  average  of  three  devices.  The  structure  has  nine-QWs  and  was  designed  for  1.3  pm  fiber-to-the- 
home  application.  For  both  lasers,  the  n-type  InP  cladding  layer  thicknesses  are  0.6  pm,  the  p-type  InP 
cladding  layers  are  1.4  pm.  Barrier  and  SCH  region  thicknesses  are  lOOA  and  550A  per  side 
G^.14l''o.86'^So.32Po.68>  respectively.  Barriers,  SCH  and  QWs  are  unintentionally  undoped.  The 
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Fig.  3  Average  threshold  current  density  as  a 
function  of  inverse  cavity  length  for  lasers  with 
-0.5%  and  0.73%  well  strain.  The  transparency 
current  density  is  71  and  74  A/cm^,  respectively 
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Fig.  4  Inverse  differential  quantum  efficiency  as  a 
function  of  cavity  length  for  lasers  with  -0.5%  and 
0.73%  well  strain.  Internal  losses  and  quantum 
efficiency  are  provided. 
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entire  structure  was  grown  with  a  fixed  P  beam  equivalent  pressure  (BEP)  of  8.3  x  lO"^  Torr.  During 
growth  of  the  active  region,  the  As  BEP  was  modulated  between  1.4  x  10-^  Torr  (for  bamers  and  SCH 
regions)  and  5.4  x  10-6  Xorr  (0.73%,  75A  -  Gao,24lno.76Aso.72Po.38  wells),  or  5.2  x  10-6  Xorr  (-0.5%, 
lOOA  -  Gao.26ln0.72As0.42P0.58  wells).  Both  structures  have  nearly  the  same  transparency  current 
density  of  ~70  A/cm^  per  well,  and  show  similar  threshold  current  dependencies  with  cavity  length.  A 
per  well  transparency  current  density  as  low  as  55  A/cm^  has  been  obtained  for  the  same  structure 
utilizing  9-  lattice  matched,  Gao,26lno.74Aso.57Po.43  wells.  The  corresponding  differential  quantum 
efficiencies  (DQE),  shown  in  Fig.  4,  were  measured  for  the  laser  diodes  of  Fig.  3.  Data  points  represent 
an  average  of  three  devices.  The  devices  with  the  highest  DQE  have  compressive  strain  wells,  as 
expected.  Internal  losses  for  that  structure  are  12  cm'*  and  the  internal  quantum  efficiency  is  74%.  For 
the  typical  300  pm  cavity  device  with  9  compressive  wells,  an  average  power  slope  efficiency  of 
0.53  W/A  is  realized.  The  tensile  strained  well  devices  show  a  slightly  lower  slope  efficiency  of  0.44 
W/A  for  the  same  cavity  length.  These  values  are  state-of-the-art. 
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Enhanced  optical  crystal  quality  of  strain-compensated 
InGaAs/InGaAsP  quantum- well  structures  on  GaAs  substrates  by  the 
introduction  of  intermediate-strain  layers 

Kiyohisa  Hiramoto,  Misuzu  Sagawa,  Sumiko  Fujisaki  and  Takashi  Toyonaka' 
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1-280,  Higashi-koigakubo,  Kokubunji-shi,  Tokyo  185,  Japan 

To  improve  the  crystal  quality  of  hetero-interfaces  in  InGaAs/InGaAsP  strain-compensated  quantum-well 
structures  on  (001)  GaAs  substrates,  we  added  layers  with  intermediate  levels  of  strain  between  the 
well  and  barriers.  Photoluminescence  measurements  confirmed  that  the  crystal  quality  of  the  hetero¬ 
interfaces  was  improved  by  adding  these  intermediate  layers.  The  greatest  improvement  was  attained 
with  an  intermediate  layer  thickness  of  4  monolayers  and  a  strain  at  about  the  midpoint  between  that  of 
QWs  and  barriers.  The  mean  time  to  failure  of  fabricated  0.98-|J.m  laser  diodes  (LDs)  with  such 
intermediate-strain  layers  was  found  to  be  about  five  times  longer  than  that  of  LDs  without  the 
intermediate-strain  layer. 


1.  INTRODUCTION 

Strain-compensated  (SC)  quantum-well  (QW)  structures  have  attracted  much  attention  as  the  active  layers 
of  semiconductor  laser  diodes  (LDs)  [1-3].  It  has  been  reported  that  the  maximum  number  of  QWs  and 
the  maximum  strain  that  QWs  can  tolerate  without  misfit  dislocation  can  be  increased  by  strain 
compensation  [3].  This  has  improved  device  properties  [1-3].  However,  strain-compensation  has  been 
reported  to  cause  deterioration  in  the  crystal  quality  of  QW  structures  when  the  difference  between  strain 
in  wells  and  strain  in  barriers  is  too  large  [4].  This  is  thought  to  be  due  to  deterioration  of  crystal  quality 
in  the  hetero-interfaces  of  the  wells  and  barriers,  caused  by  the  introduction  of  opposite  strains  in  the 
barriers  and  in  the  wells.  In  this  paper  we  study  the  effect  of  strain  compensation  on  the  crystal  quality  of 
the  hetero-interfaces  by  using  time-resolved  photoluminescence  (PL)  measurement.  To  improve  the 
crystal  quality  in  the  hetero-interfaces  of  wells  and  barriers  in  SC-QW  structures,  we  added  layers 
between  the  wells  and  barriers  that  have  intermediate  levels  of  strain  (hereafter  referred  to  as 
intermediate-strain  layers),  thus  reducing  the  difference  in  strain  at  the  hetero-interfaces.  We  used  low- 
temperature  (77  K)  photoluminescence  measurement  to  investigate  the  effects  of  these  layers  on  the 
crystal  quality  of  the  hetero-interfaces.  We  also  fabricated  two  types  of  0.98-|xm  LDs  with  a  strain- 
compensated  InGaAs/InGaAsP  QW  active  layer,  one  with  intermediate-strain  layers  and  the  other 
without  these  layers.  We  examined  the  effect  of  intermediate-strain  layers  on  the  reliability  of  the  LDs. 
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2.  EXPERIMENT 


We  grew  SC-QW  structures  consisting  of  compressive-strain  InGaAs  weUs  and  InGaAsP  barriers  on 
(001)  GaAs  substrates  by  using  metal-organic  vapor  phase  epitaxy  (MOVPE).  The  growth  temperature 
was  eSOt:  and  the  growth  pressure  was  40  torr.  Triethylgallium  (TEGa),  trimethylindium  (TMn), 
arsine  (AsH3),  and  phosphine  (PH3)  were  used  as  source  materials.  Low -temperature  PL  measurements 
were  done  at  77  K  using  the  514.5-nm  line  of  an  argon-ion  laser.  The  time-resolved  photoluminescence 
measurements  were  done  at  77  K  using  3  ps  pulses  (output  wavelength:  800  nm)  produced, at  a  rate  of  80 
MHz  by  a  Ti:sapphire  laser  pumped  by  an  argon-ion  laser.  The  lattice  mismatch  (Aa/a)  between  the  GaAs 
substrate  and  the  InGaAsP  barrier  was 

measured  by  X-ray  diffraction.  InGaAsP 

"  I  hjirriprs  r~~" 

For  the  PL  measurements,  a  50-nm-thick  In0  49Ga0.51P  o  I  lnO.49GaO.51P 

•■ai.  o  nm  1^ 

GaAs  buffer  layer,  a  200-nm- thick 

InO 48Ga0.52P  layer  lattice-matched  to  the  Ilf  TrWfLt 

U  U  U  (Aa/a:  0%) 

GaAs,  an  active  layer,  and  an  5  nm 

InO.48GaO.52P  layer  were  grown  InGaAs  well 

successively  on  the  GaAs  substrates.  (Aa/a:  1.4%,  compressive) 

•'  7  nm 

Figure  1  shows  the  SC-QW  structure  for  j  Schematic  diagram  of  a  strain-compensated 
time-resolved  photoluminescence  (PL)  quantum-well  structure;  A  a/a  shows  the  lattice  mismatch 
measurement.  Five-nm-thick  InGaAsP  between  the  layers  and  the  GaAs  substrate.  The  vertical 

direction  shows  comparative  bandgap  energies. 

layers  were  inserted  between  the  InGaP 

layers  and  the  active  layers  to  avoid  ('^^a'^0%) 

InGaP/GaAs  interfaces.  The  QW  was  5 

In0,2Ga0,8As  layer  compressively  strained  InO.49GaO.5iPl  |^:^^_fin0.49Ga0,51P 

on  the  GaAs  substrate  with  a  lattice-  i 


direction  shows  comparative  bandgap  energies. 

InGaAsP 

(Aa/a:0%) 

5  nm 

InO.49GaO.5iPl  rbio.49GaO.51P 


mismatch  of  about  1.4%.  The  InGaAs 
layer  was  7-nm  thick.  Three  types  of 
barriers  were  examined:  tensile-strain 
In0.l8Ga0.82As0.55P0.45  (Aa/a:  0.3%) 


InGaAsP  ^ 
barriers 
(Aa/a:  0.3% 
tensile) 

8  nm 


barriers, 

In0.13Ga0.87AsO,55P0.45 


tensUe-streun 


;  ;  InGaAs  intermediate- 

i  I  strain  layers 

'•  T  (Aa/a:  0.33%,  compressive) 

InGaAs  well 

(Aa/a:  1.4%,  compressive) 

7  nm 


InO.  l3Ga0.87As0,55P0.45  (Aa/a:  0.6%)  Fig.  2.  Schematic  stmcture  of  a  strain-compensated 
barriers,  and  unstrained  quantum-well  structure;  A  a/a  shows  the  lattice  mismatch 

between  the  layers  and  the  GaAs  substrate.  The  vertical 
In0.22Ga0.78As0.55P0. 45  barriers.  The  direction  shows  comparative  bandgap  energies. 

composition  of  the  barriers  was  determined  by  measurements  of  PL  and  X-ray  diffraction.  The  barrier 
thickness  was  8  nm.  Figure  2  shows  the  SC-QW  structure  for  low-temperature  PL  measurements.  Five- 
nm-thick  InGaAsP  layers  were  also  inserted  between  the  InGaP  layers  and  the  active  layers.  The  QW 
was  In0,2Ga0.8As  layer  compressively  strained  on  the  GaAs  substrate  with  a  lattice-mismatch  of  about 
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1.4%.  The  InGaAs  layer  was  7  nm  thick.  The  barriers  were  tensile-strain  InO.O3GaO.97As0.78PO,22  (Aa/a: 
0.6%)  layers.  The  barrier  thickness  was  8  nm.  The  intermediate-strain  layers  were  InGaAs  layers  with 
thicknesses  of  0,  2,  4  and  8  monolayers  (MLs).  The  Aa/a  of  these  layers  was  0.3,  0.45  and  0.6%. 


3.  RESULTS  AND  DISCUSSIONS 


3.1  time-resolved  photoluminescence  measurement 


Figures  3  (a),  (b),  and  (c)  show  the  dependence  of  time-resolved  PL  time  decay  of  the  QW  structures  on 
the  number  of  QWs:  (a)  for  unstrained  In0.22Ga0.78As0.55P0. 45  barriers,  (b)  for  tensile-strain 


InO.l8GaO.82AsO.55PO. 45  (Aa/a:  0.3%)  barriers,  and  (c)  for  tensile-strain  In0.13Ga0.87As0.55P0.45  (Aa/a: 
0.6%)  barriers.  In  the  case  of  unstrained  barriers  (Fig.  3  (a)),  there  is  only  one  lifetime  for  SQW  and 
4QWs.  For  7QWs  and  lOQWs,  another  fast  decay  appears.  In  the  case  of  7QWs  and  lOQWs,  there  was 
crosshatching  on  the  grown  surfaces.  This  fast  decay,  then,  is  related  to  the  crystal  defects  caused  by  the 
stack  of  strain.  In  the  case  of  strained  barriers  (Fig.  3  (b)  and  (c)),  this  fast  decay  appears  even  for  SQW 
although,  because  of  strain  compensation,  there  was  no  crosshatching  even  on  the  surfaces  of  15QWs. 


(a)  unstrained  InGaAsP  barriers 


Time  (ns) 

(c)  tensile-strain  InGaAsP  barriers 
(Aa/a:  0.6%) 


(b)  tensile-strain  InGaAsP  barriers 
(Aa/a:  0.3%) 


Fig.  3.  Dependence  of  time  resolved  PL  time  decay 
of  QW  structures  on  the  number  of  QWs:  (a)  for 
unstrained  InGaAsP  barriers,  (b)  for  tensile-strain 
InGaAsP  barriers  (Aa/a:  0.3%)  and  (c)  for 
tensile-strain  InGaAsP  barriers  (Aa/a:  0.6%). 
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Figure  4  shows  the  dependence  of  time-resolved  PL  time  decay  on  the  strain  of  barriers.  As  can  be  seen, 
time  decay  for  strained  barriers  is  much  faster  than  that  for  unstrained  barriers.  This  implies  that, 
although  it  is  possible  to  improve  overall  crystal  quality  of  strained  QW  structure  by  strain  compensation, 
some  deterioration  in  crystal  quality  will  probably  occur  at  the  hetero-interfaces. 


1  SQW 

F 

^^^-0.3% 

^-0.6% 

0 

12  3  4 

Time  (ns) 


Fig.  4.  Dependence  of  time-resolved  PL 
time  decay  of  SQW  structures  on  the  strain 
of  barriers. 


3.2  low -temperature  (77  K) 

photoluminescence  measurement 

Figure  5  shows  the  dependence  of  the 
peak  PL  intensity  of  the  QW 
strucmres  on  the  thickness  of  the 
intermediate-strain  layers.  In  this  case, 
the  Aa/a  of  the  intermediate-strain 
layers  was  0.3%.  The  PL  intensity 
reached  a  maximum  when  the 
thickness  of  the  intermediate  layer 


was  2  monolayers  (MLs).  Figure  6  shows  the  dependence  of  the  PL  full-width  at  half  maximum 
(FWHM)  of  the  QW  structures  on  the  thickness  of  the  intermediate-strain  layers.  The  Aa/a  of  the 
intermediate-strain  layers  was  0.3%.  The  PL  FWHM  reached  a  minimum  when  the  thickness  was  4  or 
more  MLs.  These  results  show  that  the  crystal  quality  of  the  hetero-interfaces  of  wells  and  barriers  in 
SC-QW  structures  is  improved  by  adding  intermediate-strain  layers.  When  the  thickness  of  intermediate- 
strain  layers  is  8  MLs,  the  PL  intensity  is  smaller  than  the  PL  intensity  of  2  or  4  MLs.  This  is  thought  to 
be  due  to  deterioration  of  crystal  quality  because  of  total  amount  of  strain  of  the  stacked  layers.  The  PL 


Layer  thickness  (ML)  layer  thickness  (ML) 

Fig.  5.  Dependence  of  peak  PL  intensity  of  Fig.  6.  Dependence  of  PL  full-width  at  half 
strain-compensated  quantum-well  structures  maxmum  (FWHM)  of  strain-compensated 
on  the  layer  thickness  of  intermediate-strain  quantum-well  structures  on  the  thickness  of 

layers  (ML:  monolayer,  2.83A).  The  Aa/a  Intermediate-strain  layers  (ML:  monolayer,  2.83A), 

of  the  intermediate-strain  layer  was  0.3%.  The  Aa/a  of  the  intermediate-strain  layer  was  0.3%. 
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FWHM  is  not  small  for  a  thickness  of  2  MLs  as  it  is  for  thicknesses  of  4  or  8  MLs.  When  the  thickness 
is  2  MLs,  the  uniformity  of  the  intermediate-strain  layers  is  thought  to  be  insufficient.  The  quality  of  the 
hetero-interfaces  is  best  when  the  thickness  of  the  intermediate  layers  is  4  MLs. 


Figures  7  and  8  shows  the  dependence  of  the  peak  PL  intensity  and  FWHM  of  the  QW  struetures 
on  the  strain  of  intermediate-strain  layers.  The  values  for  the  QW  without  intermediate-strain  layers  are 
shown  by  arrows.  The  thickness  of  the  intermediate-strain  layer  was  fixed  to  4MLs.  As  can  be  seen  in 
these  figures,  the  peak  PL  intensity  is  best  and  FWHM  is  smallest  when  the  strain  of  the  intermediate- 
strain  layer  is  0.45%.  This  value  is  close  to  the  midpoint  of  the  strain  of  wells  and  barriers  and  shows 
that  the  crystal  quality  of  the  QW  structure  is  best  when  the  difference  of  strain  at  the  hetero-interfaces  is 
smallest. 


Fig.  7.  Dependence  of  peak  PL  intensity  of 
strain-compensated  quantum-well  structures  on 
A  a/a  of  intermediate-strain  layers.  The  thickness 
of  the  intermediate-strain  layer  was  4MLs. 


Fig.  8.  Dependence  of  peak  PL  intensity  of 
strain-compensated  quantum-well  structures  on 
A  a/a  of  intermediate-strain  layers.  The  thickness 
of  the  intermediate-strain  layer  was  4MLs. 


3.3  Reliability  of  laser  diodes 

To  study  the  effect  of  intermediate-strain  layers  on  the  reliability  of  0.98-|J,m  LDs,  we  fabricated 
two  types  of  LDs:  one  with  intermediate-strain  layers  (Aa/a:  0.3%,  4  MLs)  and  the  other  without 
intermediate-strain  layers.  For  both  structures,  the  active  layers  had  a  single  quantum  well.  The  LD 
structures  are  described  elsewhere  [5].  The  percentage  increase  in  the  drive  current  at  a  eonstant  optical- 
power  output  of  150  mW  of  fabricated  0.98-nm  LDs  with  the  intermediate-strain  layers  was  about  five 
times  smaller  than  the  increase  of  those  without  these  layers.  The  mean  time  to  failure  (MTTF)  of  LDs 
with  intermediate-strain  layers  is  thus  about  five  times  longer  than  those  without  intermediate-strain 
layers.  This  improvement  in  reliability  can  be  attributed  to  the  improvement  in  crystal  quality  of  hetero¬ 
interfaces  of  SC-QW  structures  by  the  introduction  of  strain-intermediate  layers. 
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4.  SUMMARY 

Time-resolved  PL  measurements  showed  that  the  PL  decay  of  InGaAs/InGaAsP  SC-QW  structures  is 
much  faster  than  that  of  InGaAs/InGaAsP  QW  structures  which  have  unstrained  barriers.  This  implies 
that  strain  compensation  may  cause  the  crystal  quality  of  the  hetero-interfaces  to  deteriorate  because  of 
the  large  difference  of  strain  in  the  barriers  and  wells.  To  improve  the  crystal  quality  of  the  hetero¬ 
interfaces,  we  added  layers  with  intermediate  levels  of  strain  between  the  well  and  barriers.  PL 
measurements  confirmed  that  the  crystal  quaUty  of  the  hetero-interfaces  was  improved  by  adding  these 
intermediate  layers,  and  the  greatest  improvement  was  attained  with  an  intermediate  layer  thickness  of  4 
monolayers  and  the  strain  of  midst  of  that  of  QWs  and  barriers.  The  mean  time  to  failure  of  fabricated 
0.98-|am  laser  diodes  (LDs)  with  such  intermediate-strain  layers  was  found  to  be  about  five  times  longer 
than  that  of  LDs  without  the  intermediate-strain  layer. 
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1.3  |j,m  Wavelength  GalnAsP/InP  Distributed  Feedback  Lasers 
Grown  Directly  on  Grating  Substrates  by  Solid  Source  Molecular 
Beam  Epitaxy 


W.-Y.  Hwang,  J.  N.  Baillargeon,  S.  N.  G.  Chu,  P.  F.  Sciortino,  and  A.  Y.  Cho 
Bell  Laboratories,  Lucent  Technologies,  600  Mountain  Ave.,  Murray  Hill,  NJ  07974 


Abstract.  Successful  growth  of  GalnAsP/InP  multi-quantum  well  lasers  directly  on  a  distributed  feedback 
(DFB)  grating  substrate  using  all  solid  source  molecular  beam  epitaxy  (MBE)  was  demonstrated.  A  500  A 
thick  1.12  pm  wavelength  GalnAsP  planarization  layer  was  first  grown  on  the  DFB  gratings  at  an  elevated 
temperature  to  create  a  smooth  surface  for  subsequent  layer  growth.  Transmission  electron  micrograph 
showed  smooth  interfaces  after  the  growth  of  this  GalnAsP  planarization  layer.  Low  threshold  current 
density  and  high  quantum  efficiency  were  obtained  from  these  index-coupled  DFB  lasers  grown  by  solid 
source  MBE. 


1.  Introduction 

Distributed  feedback  (DFB)  lasers  operating  at  1.3  and  1.55  pm  wavelengths  employing 
GalnAsP/InP  materials  are  crucial  components  for  wide-band  single-mode  optical  fiber 
communications.  This  is  because  of  their  closely  controlled  and  stable  single  longitudinal  mode 
operation  even  at  high  output  power  range.  Fabrication  of  a  high  quality  DFB  laser  structure  requires 
growth  on  a  corrugated  crystal  surface  with  precise  control  of  material  composition  and  layer  thickness. 
Although  all  presently  utilized  growth  techniques  can  achieve  high  quality  layers  on  planar  surfaces, 
growth  on  grated  or  patterned  substrates  is  far  more  challenging.'"^  Typically,  a  DFB  laser  can  be 
constructed  by  growing  a  laser  structure  directly  on  a  grated  substrate  or  by  making  gratings  on  a 
grown  laser  structure  and  followed  by  a  second  step  overgrowth.  When  growing  a  DFB  laser  structure 
directly  on  a  grated  InP  substrate,  the  growth  surface  must  be  mechanically  smooth  and  dislocation  free 
after  only  a  few  hundred  angstroms  of  the  quaternary  is  deposited.  Metalorganic  chemical  vapor 
deposition  (MOCVD)  is  presently  the  most  successful  and  dominate  growth  technique  for  fabricating 
DFB  lasers.  Recently,  MBE  growth  of  high  quality  GalnAsP  layers  and  high  performance 
GalnAsP/InP  lasers  have  been  achieved  by  using  all  solid  sources.^"®  This  technology  subsequently 
enables  the  growth  investigation  of  DFB  lasers  on  InP  grating  surfaces. 


2.  Experiments 

The  growth  of  GalnAsP/InP  index-coupled  DFB  lasers  were  carried  out  with  a  Riber  2300 
MBE  system  using  elemental  In,  Ga,  Si,  and  Be,  and  P2  and  As2  supplied  via  solid  phosphorous  and 
arsenic  valved  sources.  The  valved  P2  cell  used  is  a  three  temperature  zone  Riber  model  KPC40  with  a 
modified  cracker  head.  The  As2  flux  is  supplied  via  an  EPI  VC-IV  valved  cell  with  two  temperature 
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zones.  Growth  temperatures  were  measured  with  an  IRCON  6000  series  optical  pyrometer  that  was 
calibrated  to  a  surface  oxide  desorption  temperature  of 460  °C  with  S-doped  InP.  First  order  gratings, 

with  a  periodicity  of  0.202  pm,  were  optically  patterned  parallel  to  the  [  0  fl  ]  direction  using 
holographic  photolithography  for  the  1.3  pm  wavelength  DFB  lasers.  Wet  chemically  etching  in 
HBr:FlN03:H20  (1:1:20)  for  one  minute  was  then  used  to  define  the  grating  on  the  InP  surface.  The 
etched  depth  of  the  V-grooves  with  (1 1 1)A  side-walls  was  about  600  A.  A  planar  InP  substrate  was 
also  placed  adjacent  to  the  grated  InP  substrate  for  each  growth.  Samples  were  affixed  to  the 
molybdenum  block  using  indium.  Both  of  the  grated  and  planar  InP  wafers  were  etched  in 
H2SO4  :H202  :H20  (10:1:1)  solution  for  40  seconds  before  loading  into  the  MBE  system. 

Before  initiating  the  growth,  the  S-doped  InP  substrates  were  heated  at  470°C  for  10  min  under 
a  P2  flux  of  1.0x10“^  Torr  to  desorb  the  native  oxide.  The  substrate  temperature  was  then  ramped  Ifom 
470  °C  to  510  °C  in  two  minutes  for  growth  of  the  Gao.i5lno.85Aso,32Po.68  (^PL  “  1-12  pm,  denoted  as 
1.12Q)  quaternary  planarization  layer.  Si-doped  at  8x10*^  cm“^.  An  As2  flux  of  8.0x10“^  Torr  was 
used  in  addition  to  the  P2  flux  during  this  substrate  temperature  ramping  in  order  to  preserve  a  proper 
grating  depth.  The  higher  growth  temperature  for  the  1.1 2Q  planarization  layer  is  crucial  for  producing 
a  flat  surface  for  the  subsequent  growth  of  the  MQW  laser  structure.®  After  the  planarization  layer,  a 
1200  A  thick  InP  lower  cladding  layer  (Si-doped  at  8x10*’  cm"’)  was  then  grown,  followed  by  a  800  A 
thick  undoped  1.1 2Q  separate  confinement  layer,  an  undoped  active  region,  a  800  A  thick  undoped 
1.1 2Q  separate  confinement  layer,  a  1.2  pm  thick  InP  (Be  doped  at  I  xio'*  cm"’)  upper  cladding  layer 
and  finally  a  500  A  thick  Gao.47lno,53As  (Be  doped  at  4x10*^  cm"’)  contact  layer.  The  active  region 
consists  of  six  (nine),  75  A  thick  GalnAsP  quantum  wells  and  five  (eight),  100  A  thick  1.1 2Q  barrier 
layers.  A  growth  interruption  of  10  seconds  was  used  at  the  interfaces  between  barriers  and  wells.  The 
growth  temperatures  of  the  InP  cladding  layers  and  the  active  regions  were  460  °C  and  490  °C, 
respectively.  Between  the  growth  of  the  planarization  layer  and  the  InP  lower  cladding  layer,  a  growth 
interruption  of  90  seconds  was  employed  to  reduce  the  substrate  temperature  from  510  °C  to  460  °C. 
The  growth  rates  for  InP,  1.12Q,  and  GalnAsP  quantum  wells  were  1.20,  1.41,  and  0.71  pm/h, 
respectively.  A  P2  flux  of  1.0x10"’  Torr  was  used  for  the  growth  of  all  layers  except  the  GalnAs  p- 
contact  layer.  The  As2  beam  fluxes  used  for  the  growth  of  1.12Q  and  quantum  wells  were  8.0x10”’ 
and  5.8x10"®  Torr,  respectively.  These  group  V  fluxes  were  measured  by  an  ionization  gauge  located 
in  the  beam  path.  Broad  area  stripe  lasers  (80  pm  wide)  were  fabricated  without  any  facet  coating  or 
lateral  current  confinement. 


3.  Results  and  Discussion 

The  transmission  electron  micrograph  of  a  6  quantum  well  DFB  laser  is  shown  in  Fig.  1.  The 
preserved  grating  depth  is  about  300  A  and  smooth  interfaces  were  obtained  between  all  epitaxial 
layers.  When  a  deeper  grating  depth  is  required,  a  larger  initial  grating  depth  and  a  lower  oxide 
desorption  temperature  can  be  used.  For  example,  when  performing  the  oxide  desorption  at  465°C  for 
10  minutes  from  a  600  A  deep  grating,  the  preserved  grating  depth  is  about  550  A.  The  threshold 
current  densities  per-well  as  a  function  of  inverse  cavity  length  under  pulsed  operation  are  plotted  in 
Fig.  2(a)  for  both  lasers  grown  simultaneously  on  the  grated  and  planar  substrates.  The  transparency 
current  density  of  the  lasers  grown  simultaneously  on  grated  and  planar  substrates  are  68  and  94  A/cnP- 
per  well,  respectively.  From  Fig.  2(a),  one  can  observe  that  lasers  grown  on  grated  and  planar 
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Fig.l  The  transmission  electron  micrograph  of  a  6-quantum-well  1.3  pm  DFB  laser.  The  preserved  grating  depth  in  this 
sample  is  about  300  A.  Smooth  interfaces  are  observed  after  the  growth  of  a  1.12Q  planarization  layer. 


Fig.  2  The  threshold  current  density  per-well  as  a  function  of  the  inverse  cavity  length,  (a)  and  the  inverse  external 
quantum  efficiency  as  a  function  of  the  cavity  length  (b)  for  1.3  pm  lasers  grown  simultaneously  on  a  DFB  grating  substrate 
and  a  planar  substrate.  Each  data  point  represents  the  average  of  3  lasers  with  the  same  cavity  length. 
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substrates  with  the  same  cavity  length  showed 
similar  threshold  current  densities.  The 
inverse  external  quantum  efficiency  as  a 
function  of  the  laser  cavity  length  for  these 
DFB  lasers  are  shown  in  Fig.  2(b).  The 
internal  quantum  efficiency,  t|;,  and  internal 
loss,  a,-,  for  these  6-quantum-well  lasers  are 
0.65  and  13.4  cm“’  for  the  grated  substrate 
and  0.59  and  7.5  cm“'  for  the  planar  substrate, 
respectively.  The  transparency  current 
density,  t]/  and  a,-  of  the  9-quantum-well  DFB 
lasers  are  61  AJcrrP-  per  well,  0.67  and  15.2 
cm“’,  respectively.  These  results  indicate  that 
the  properties  of  the  lasers  grown  on  the 
grated  substrate  are  similar  to  that  of  the 
lasers  grown  on  the  planar  substrate.  The 
emission  spectra  of  an  uncoated  DFB  laser  is 
shown  in  Fig.  3  with  a  side  mode  suppression 
ratio  of  more  than  20. 


Wavelength  (nm) 

Fig.  3  The  emission  spectra  of  an  imcoated  DFB  laser  at 
three  different  current  injection  levels  are  shown. 


4.  Conclusion 

Successful  growth  of  GalnAsPAnP  multi-quantum  well  (MQW)  lasers  directly  on  DFB  grating 
substrates  using  all  solid  source  MBE  was  achieved.  After  desorbing  the  surface  oxide  at  470  °C,  a 
500  A  thick  1.1 2Q  planarization  layer  was  first  deposited  on  the  DFB  gratings  at  an  elevated 
temperature  to  create  a  smooth  surface  for  subsequent  layer  growth.  Transmission  electron 
micrographs  show  smooth  interfaces  after  growth  of  the  GalnAsP  planarization  layer.  Low  threshold 
current  density  and  high  quantum  efficiency  were  obtained  from  these  index-coupled  MQW  DFB 
lasers.  Broad  area  lasers  show  room-temperature  transparency  current  densities  as  low  as  61  and  68 
A/cm^  per  well  for  9-well  and  6-well  DFB  lasers,  respectively.  The  measured  internal  quantum 
efficiency  and  internal  loss  for  9-well  (6-well)  DFB  lasers  are  0.67  (0.65)  and  15.2  (13.4)  cm"', 
respectively. 
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The  Growth  of  Mid-Infrared  Emitting  InAsSb/InAsP  Strained- 
Layer  Superlattices  Using  Metal-Organic  Chemical  Vapor 
Deposition 

R.  M.  Biefeld,  A.  A.  Allennan,  S.  R.  Kurtz,  and  J.  H.  Burkhart 
Sandia  National  Laboratory,  Albuquerque,  New  Mexico  87185-0601 

Abstract.  We  describe  the  metal-organic  chemical  vapor  deposition  of  InAsSb/InAsP  strained-layer 
superlattice  (SLS)  active  regions  for  use  in  mid-infiraied  emitters.  These  SLSs  were  grown  at  500  °C,  and  200 
torr  in  a  horizontal  quartz  reactor  using  trimethylindium,  triethylantimony,  ASH3,  and  PH3.  By  changing  the 
layer  thickness  and  composition  we  have  prepared  structures  with  low  temperature  (^OK)  photoluminescence 
wavelengths  ranging  from  3.2  to  5.0  pm.  Excellent  performance  was  observed  for  an  SLS  light  emitting  diode 
(LED)  and  both  optically  pumped  and  electrically  injected  SLS  lasers.  An  InAsSb/InAsP  SLS  injection  laser 
emitted  at  3.3  pm  at  80  K  with  peak  power  of  100  mW. 


1.  Introduction 

Chemical  sensor  and  infrared  countermeasure  technologies  would  become  viable  with  the  availability  of 
high  power,  mid-infrared  (3-6  (im)  lasers  and  light  emitting  diodes  (LEDs)  operating  near  room 
temperature.  However,  the  performance  of  mid-infrared  emitters  has  been  limited  by  nonratfrative 
recombination  processes  (usually  Auger  recombination),  which  overwhelm  radiative  recombination  in 
narrow  bandgap  semiconductors.  Auger  recombination  can  be  suppressed  in  “band-structure 
engineered”,  strained  InAsSb  heterostructures.  In  order  to  reduce  Auger  recombination  in  mid-infi-ared 
(2-6  p,m)  lasers,  several  narrow  bandgap  III-V,  strained-layer  superlattices  (SLSs)  have  been  explored 
using  metal-organic  chemical  vapor  deposition  (MfXlVD)  and  molecular  beam  epitaxy  (MBE)  [1-13].  In 
both  type  I  and  type  n  SLS  laser  active  regions,  holes  are  confined  to  compressively  strained  layers, 
producing  a  low  in-plane,  effective  mass  (l3/2,±3/2>)  hole  ground  state.  In  compressively  s^ned 
InAsSb  SLSs,  it  is  necessary  to  maximize  the  light-heavy  (l3/2,±l/2>  -  l3/2,±3/2>)  hole  splitting  to 
suppress  Auger  recombination.  For  example,  we  have  investigated  the  electronic  properties  of  InAsSb/ 
InGaAs  SLSs,  and  we  find  that  the  light-heavy  hole  splitting  (=  30  meV)  is  insufficient  to  achieve 
maximum  suppression  of  Auger  recombination[l, 12-15  ].  InAsSb  SLSs  incoi^rating  barrier  layers 
with  larger  valence  band  offsets  are  required  to  maximize  tiie  light-heavy  hole  splitting  through  quantum 
confinement.  In  this  work,  we  report  the  properties  of  InAsSb/InAsP  SLS  materials  and  devices. 
Incorporating  InAsP  as  a  barrier  layer  in  the  active  region  will  introduce  a  larger  valence  band  offset  than 
either  of  the  offsets  between  InAs  or  InGaAs  and  InAsSb.  Compared  with  other  compressively  strained 
InAsSb  devices,  initial  tests  on  InAsSb/lnAsP  SLS  lasers  and  LEDs  show  state-of-the-art  performanre. 
We  report  on  the  synthesis  of  these  materials  by  MOCVD  and  their  use  in  improved  3-6  pm,  mid- 
infrared  optoelectronic  heterojunction  emitters. 


2.  Experimental 

This  work  was  carried  out  in  a  previously  described  MOCVD  system  [16,17].  The  InAsSb/InAsP  SLSs 
were  grown  on  n-type  InAs  substrates  at  500  ”C,  and  200  torr  in  a  horizontal  quartz  reactor  using 
trimethylindium  (TMIn),  triethylantimony  (TESb),  100  %  AsHj  for  the  InAsSb  layers,  10  %  AsHj  in 
hydrogen  for  the  InAsP  layers,  and  100  %  PHj.  The  InAsSb  layers  were  grown  using  a  V/III  ratio  of  15 
to  21  and  an  TESb/(AsH3-i-TESb)  ratio  of  0.29  to  0.41  at  a  growth  rate  of  2.5  A/second.  A  5  to  15 
second  purge,  with  reactants  switched  in  and  out  of  the  chamber,  was  used  for  different  samples.  The 
InAsP  layers  were  grown  using  a  V/lII  ratio  of  about  217  and  an  AsH3/(AsH3-t  PH3)  ratio  of  0.015  to 
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0.025  with  an  identical  growth  rate  of  2.5  A/second.  The  strain  balanced  SLSs  were  lattice  matched  to 
InAs  with  Aa/a  <  0.0004  with  the  InAsSb  layers  in  compression  and  the  InAsP  layers  in  tension  relative 
to  the  InAs  substrate.  The  SLS  composition  and  strain  were  determined  by  x-ray  diffraction. 

We  used  ethyldimethylamine  alane  (EDMAA),  TESb  and  10%  arsine  (AsHj)  in  hydrogen  as  the 
sources  for  Al,  Sb  and  As  respectively,  for  the  growth  of  AlAs^Sb,.,  cladding  layers.  Trlethylgallium 
(TEGa),  arsine  and  TESb  were  used  to  grow  a  400  to  2500A  GaAsSb  cap  on  all  samples  to  keep  the 
AlAs^Sb;.,  layer  from  oxidizing  and  to  serve  as  a  semi-metal  electron  injector  for  the  emitter 
structures.[10, 13]  Hydrogen  was  used  as  the  carrier  gas  at  a  total  flow  of  8  slpm. 

Infrared  photoluminescence  (PL)  was  measun^  on  all  samples  at  14  K  up  to  300  K  using  a 
double-modulation,  Fourier-transform  infrared  (FTIR)  technique  which  provides  high  sensitivity, 
reduces  sample  heating,  and  eliminates  the  blackbody  background  from  infrared  emission  spectra. 
Injection  devices  (both  LEDs  and  lasers)  also  were  characterized  with  double  modulation  FTIR. 


3.  Results  And  Discussion 

The  growth  rate  of  the  InAsSb/InAsP  SLSs  was  found  to  be  proportional  to  the  TMIn  flow  into  the 
reaction  chamber  and  independent  of  the  TESb,  PHj,  and  AsHj  flow.  The  variation  of  the  Sb 
composition  for  the  InAsSb  layer  as  a  funcdon  of  TESb  /(AsHj  +  TESb)  ratio  in  the  vapor  is  shown  in 
Figure  1.  The  Sb  composition  could  be  varied  between  0.12  to  0.23  while  maintaining  approximately 
constant  layer  thicknesses  for  both  the  InAsSb  and  InAsP  layers. 

The  PL  peak  wavelength  dependence  on  Sb  composition  of  the  InAsSb  layer  in  the  SLSs  is 
shown  in  Figure  2.  For  a  change  of  composition  from  x  =  0.12  to  0.23  the  PL  peak  changes  from  3.6  to 
5.0  pm.  Room  temperature  photoluminescence,  also  shown  in  Figure  2,  was  observed  from  4.2  to  5.8 
pm.  The  variation  of  PL  wavelength  versus  thickness  of  the  InAsSb  well  is  shown  in  Figure  3.  The 
wavelength  could  be  varied  from  3.2  to  3.8  pm  for  a  change  in  thickness  from  45  to  108  A.  For  layers 
thicker  than  approximately  90  A  the  x-ray  diffraction  patterns  broadened,  indicating  the  presence  of 
dislocations.  "Ae  crystal  quality  of  the  SLSs  was  excellent  with  3  to  4  orders  of  x-ray  diffraction  satellite 
peaks  typically  observed.  The  intensity  of  the  PL  peak  and  the  surface  morphology  of  the  layers  was 
found  to  be  strongly  dependent  on  the  purge  time  between  the  growth  of  the  layers  of  the  SLS  and 
whether  or  not  AsHj  was  present  during  the  purge.  We  investigated  purge  times  from  0  to  30  seconds 
with  and  without  AsHj  in  the  reactor  during  the  purges.  The  optimum  growth  conditions  are  a  purge  of 
15  seconds  duration  with  AsHj  in  the  reactor. 
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Figure  1.  Incorporation  of  Sb  into  the  InAsSb  Figure  2.  Photoluminescence  at  300  K  and  16  K 
layer  as  a  function  of  TESb  /(AsHj  -i-  TESb)  ratio  from  40  period  78-87  A  InASi.^Sby  81-89  A 
in  the  vapor  phase  for  the  InAsSb/InAsP  SLSs.  InAs„,jPo2,  SLSs  grown  on  InAs  for  different  Sb 

contents  in  the  InAsSb  layer. 
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Figure  3.  Low  temperature  PL  (  <  20K)  from  20  Figure  4.  Electrically  injected,  pulsed  laser 
period  InASogjSbo,^/  84A  InAs,^?  SLS’s  grown  emission  spectra  at  80  and  180  K  for  a  10  period 
on  InAs  for  different  InAsSb  layer  thicknesses.  InAso89Sbo.11/InAso74Po.26  (  87  A  /  84  A)  SLS 

active  region. 

An  LED  was  constructed  with  a  0.7  |im  thick,  n-type,  InAso  gsSbo  12  /lr>Aso75Po.2s  (  80  A  /  82  A) 
SLS  active  region.  As  for  the  previously  published  MQW  structures,  [10]  a  semi-metal  layer  consisting 
of  a  500  A  thick  GaAsSb  (p-type)  and  a  500  A  thick  InAs  (n-type)  heterojunction  provided  electrical 
injection  for  the  LED.  A  1  mm^  piece  of  the  wafer  was  mounted  onto  a  header  with  a  parabolic  collector. 
The  top  contact  of  the  LED  was  a  0.02”  diameter  Ti/Au  dot.  Operating  the  device  at  1  kHz,  50%  duty 
cycle,  200  m  A  average  current,  the  average  output  power  of  the  LED  was  80  [iW  at  300  K.  At  80  K  the 
output  power  of  the  LED  was  24x  that  observed  at  300  K.  The  output  power  of  our  SLS  device  (300  K) 
was  5-6x  that  measured  with  the  same  current  for  LPE-grown,  InAsSb  alloy,  commercial  LEDs  [18]. 

The  electrically  injected  laser  structure  consisted  of  2.5  [im  of  not  intentionally  doped  p-AlAsSb 
(5x10'*  cm'^)  top  and  bottom  claddings,  a  p-GaAsSb  /  n-InAs  semi-metal  electron  injector,  and  a  10 
period  InAsSb/InAsP  SLS  active  region  separated  from  the  claddings  by  3000A  of  InAs.  Gain-guided, 
stripe  lasers  were  fabricated  with  Ti/Au  metallizations.  The  facets  were  uncoated.  Under  pulsed 
operation,  lasing  was  observed  in  forward  bias  with  40x1000  or  80x1000  micron  stripes.  Devices  were 
tested  with  100  nsec  pulse  widths  at  10  kHz  (0.1  %  duty-cycle).  Several  longitudinal  modes  were 
observed  in  the  3.3-3.4  urn  range,  shown  in  Figure  4  for  80  K  and  180  K  operation.  The  wavelength  of 
our  laser  shifts  from  3.31  ^m  to  3.36  nm  due  to  the  decrease  in  bandgap  over  the  80-180K  temperature 
range.  At  80  K,  peak  powers  of  100  mW  could  be  obtained  with  a  maximum  average  power  of  0.5  mW. 
The  temperature  dependence  of  the  SLS  laser  threshold  is  described  by  a  characteristic  temperature,  T(,  = 
39  K,  over  the  entire  temperature  range. 

An  optically  pumped  laser  was  grown  on  an  InAs  substrate  with  a  2.5  p,m  thick  AlAs„  ,5Sbog4 
lower  cladding.  The  active  region  was  a  1.0  (im  thick,  InASg  jjSb^,,  /InASo77Po23  (83  A  /  87  A)  SLS. 
The  SLS  laser  was  pumped  with  a  Q-switched  Nd:YAG  (1.06  (im,  20  Hz.  10  nsec  pulse,  focused  to  a 
200  (im  wide  line),  and  emission  was  detected  with  an  FTIR  spectrometer  operated  in  a  step-scan  mode. 
Due  to  the  low  rep-rate  of  the  pump,  approximately  a  4  hour  scan  was  required  to  obtain  an  interferogram 
with  resolution  >  2  cm  '.  Laser  emission  was  observed  from  cleaved  bars,  1000  |im  wide,  with 
uncoated  facets.  A  lasing  threshold  and  spectrally  narrowed,  laser  emission  was  seen  from  80  K  through 
240  K,  the  maximum  temperature  where  lasing  occurred.  The  PL  linewidth  is  =  25  meV  at  80K,  but 
above  threshold,  the  laser  emission  narrowed  to  3-5  meV  depending  on  the  sample.  The  laser  emission 
linewidth  is  limited  by  inhomogeneities  in  the  material  and  the  presence  of  multiple,  unresolved 
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longitudinal  modes;  similar  behavior  was  observed  in  optically  pumped  type  II,  GalnSb/InAs  lasers 
[7,9].  The  wavelength  of  our  laser  shifts  from  3.57  (im  to  3.85  [im  due  to  the  decrease  in  bandgap  over 
the  80-240K  temperature  range.  At  80  K,  pe^  powers  >100  mW  could  be  obtained.  The  temperature 
dependence  of  the  SLS  laser  threshold  is  describe  by  a  characteristic  temperature,  T^  =  33  K,  over  the 
entire  range. 


4.  Conclusions 

We  have  evaluated  InAsSb/InAsP  SLSs  as  active  regions  for  MOCVD-grown,  mid-infrared 
lasers  and  LEDs.  X-ray  and  optical  characterization  of  the  SLSs  indicate  very  high  crystalline  quality 
for  the  MOCVD-grown  material  and  electronic  properties  consistent  with  our  model  of  the  SLS. 
Excellent  performance  was  observed  for  an  SLS  LED,  an  electrically  injected  laser,  and  an  optically 
pumped  laser.  The  semi-metal  injected,  broadband  LED  emitted  at  4  pm  with  80  pW  of  power  at 
300K,  200  mA  average  current.  The  electrically  injected  laser  emitted  at  3.36  pm  at  180  K  with  peak 
powers  of  100  mW  at  80  K  and  a  characteristic  temperature  of  39  K.  The  optically  pumped  laser 
displayed  3.86  pm  emission  at  240  K,  the  maximum  operating  temperature  of  the  laser,  and  a 
characteristic  temperature  of  33  K.  InAsSb/InAsP  SLS  laser  operating  temperature,  characteristic 
temperature,  and  threshold  power  values  are  state-of-the-art  for  InAsSb  lasers  at  =  4  pm.  With 
nominal  improvements  in  materials  and  processing  and  the  further  development  of  multi-stage  active 
regions,  MOCVD-grown  InAsSb  devices  should  be  able  to  satisfy  the  system  requirements  for  use 
in  chemical  sensor  and  infrared  countermeasure  technologies  in  the  near  future. 
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MOCVD  Growth  of  (GaiJn^^As  -  GaAsi.j,Sby)  Superlattices  on  InP 
showing  Type-II  emission  at  Wavelengths  beyond  2  pm 


M.  Peter,  K.  Winkler,  N.  Herres,  F.  Fuchs,  S.  Muller,  K.-H.  Bachem,  J.  Wagner 

Fraunhofer-Institut  fiir  Angewandte  Festkorperphysik,  Tullastrasse  72 
D-79108  Freiburg,  Germany 


We  report  on  (Gai  Jn^As-  GaAsi.jSb,.)  superlattices  grown  strain-compensated  on  (100)  InP:Fe  substrates  using 
metal  organic  chemical  vapor  deposition.  Low  temperature  photoluminescence  measurements  show  a  spatially 
indirect  type-II  recombination  of  electrons  in  the  conduction  band  of  the  Gai.Jn^As  and  holes  in  the  valence  band 
of  the  GaAsi.jSbj  layers  at  2.20  pm.  Type-II  emission  was  observed  up  to  room-temperature  with  300  K  emission 
centered  at  2.30  pm.  The  valence  and  conduction  band  offsets  between  strain-compensated  Gao^InosgAs  and 
GaAsi.jSbj  (y  =  0.2  to  0.3)  layers  were  estimated  to  0.21  eV  and  0.33  -  0.39  eV,  respectively. 


Introduction 

Gai..cIn;cAs  and  GaAsi.ySbj,  can  be  grown  both  lattice  matched  and  strained  on  InP.  While 
Gai.;tIn;(As  is  a  well  established  material  system  less  work  has  been  reported  on  GaAsi.j,Sb5,.  This  is 
mainly  due  to  the  wide  miscibility  gap  of  GaAsi.ySb;,,  and  the  resulting  difficulties  in  the  preparation  of 
high-quality  epitaxial  layers.  In  spite  of  this  difficulties  GaAspySb,,  has  been  grown  succesfully 
throughout  the  whole  compositional  range  with  non-equilibrium  growth  techniques  like  molecular 
beam  epitaxy  (MBE)  [1]  and  metal-organic  chemical  vapor  deposition  (MOCVD)  [2], 

Sai-Halasz  et  al.  [3]  and  Klem  et  al.  [4]  grew  (Gai.;tInjAs  -  GaAsj.ySbj,)  superlattices  (SL)  lattice 
matched  on  InP-substrate  using  MBE.  The  (Gai.;tIn.tAs  -  GaAspySb^)  system  is  known  to  show  spatially 
indirect  type-II  recombination  of  electrons  in  the  conduction  band  of  the  Gap^rln^As  and  holes  in  the 
valence  band  of  the  GaAsp^Sby  [3,4,5].  Calculations  based  on  the  Model  Solid  Theory  [6,7]  predict  that 
this  emission  is  expected  at  wavelengths  between  2pm  (lattice-matched)  and  3pm  (strain-compensated, 
Gai-j;Inj:As  compressively  strained).  This  property  makes  (Gai..tIn;tAs  -  GaAsi.j,Sbj)  SLs  a  promising 
system  for  mid-IR  LEDs  and  laser  diodes  based  on  InP-substrate. 

Experimental 

We  report  on  the  growth  of  strain-compensated  (Gai.;cIn;tAs  -  GaAsi.^Sbj,)  SLs  on  (100)  InPiFe 
substrates  using  MOCVD.  The  SLs  were  sandwiched  between  Gao.28lno.72Aso.6Po.4  confinement  layers 
with  thicknesses  varying  from  1 10  to  300  nm.  All  samples  were  grown  at  a  pressure  of  100  mbar  using 
hydrogen  as  a  carrier-gas.  TMGa,  TMIn  and  AsHs  were  used  as  precursors  for  Gai..cIn;tAs,  TMGa, 
TBAs  and  TESb  for  GaAsi-^Sb^,.  The  SL  was  grown  at  a  substrate  temperature  of  530°C.  InP  cladding 
and  Gao,28lno.72Aso.6Po.4  confinement  layers  were  grown  at  640°C  using  TMIn,  TMGa,  AsHs  and  PH3  as 
precursors. 
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Sample 

Nominal  Sample  Structure 

j  GalnAs 

••period  O 

(nm) 

^  GaAsSb 

(nm) 

(nm) 

HRXRD 

(Ad/dA 

c-  type-II 

(eV) 

FT-PL 

^  GalnAs 

(eV) 

#8 

10 

26.0 

4.0 

30.0 

2.8-10"' 

0.562 

0.772 

#7 

10 

15.6 

5.3 

20.9 

-6.3-10"® 

0.551 

- 

#9 

10 

8.6 

5.3 

13.9 

-2.7-10® 

0.566 

- 

#10 

10 

11.5 

10.4 

21.9 

-3.1-10'® 

0.588 

- 

#15 

10 

8.8 

3.4 

12.2 

1.1-10"® 

0.615 

- 

#16 

20 

4.0 

2.2 

6.2 

-3.1-10"® 

0.708 

- 

Tab.  1:  Number  of  periods  Hperiod,  nominal  thicknesses  of  the  Gai.xIn^iAs  and  GaAsi.ySby  layers,  total 
thickness  of  a  single  period  cr'-,  lattice  mismatch  (Adld)^  and  low  temperature  (10  K)  PL  peak  positions 
of  (Ga,.Jn,As-  GaAsi.ySby)  SL  on  (001)  InP  substrates.  The  Gai.,ln,As  and  GaAs,.ySby  layer 
thicknesses  were  deduced  from  d^^  taking  nominal  thickness  ratios  into  account. 


All  samples  have  been  investigated  by  high  resolution  X-ray  diffractometry  (HRXRD).  X-ray 
rocking  curves  were  taken  around  the  002  and  004  reflection  of  the  (100)  InP  substrate  to  determine  the 
SL  period  and  the  average  lattice  mismatch  (Ad/d)^  perpendicular  to  the  substrate  surface.  The 
surface  of  all  samples  was  investigated  by  Nomarski  interference  microscopy  and  selected  samples 
have  been  examined  by  atomic  force  microscopy  (AFM)  to  obtain  the  surface-roughness.  Temperature 
dependent  Fourier-transform  photoluminescence  spectroscopy  (FT-PL)  was  used  to  characterize  the 
samples  which  were  mounted  in  a  variable  temperature  cryostat.  The  1.064  pm  line  of  a  NdiYAG  laser 
was  used  for  optical  excitation  with  a  power  density  of  about  10  W/cm^. 

Results  and  Discussion 

A  series  of  (Gai.^IUyAs  -  GaAsi.ySby)  SLs  surrounded  by  Gao.28lno.72Aso,6Po.4  confinement  layers, 
was  grown  strain-compensated  on  InP.  Within  this  series  the  thicknesses  of  the  Gai.^In^As  and 
GaAsi-ySby  layers  were  varied  (see  Tab.l).  The  Sb  concentration  y  of  all  GaAsi.ySby  layers  was  kept 
constant  at  nominally  y  =  0.42,  while  the  In  concentration  x  in  the  Gai..cInyAs  was  adjusted  in  order  to 
obtain  strain  balancing  relative  to  the  InP  substrate. 

The  surface  morphology  of  all  samples  is  excellent.  RMS-roughnesses  of  less  than  0.3  nm 
averaged  over  a  2  pm  x  2  pm  area  were  measured  by  AFM.  Fig.  1  shows  a  X-ray  rocking  curve  of  a 
nominal  10  x  Gao.46lno.54 As  (26nm)/GaAso.58Sbo.42  (4nm)  SL  (sample  #8)  around  the  002  reflection  of 
the  (100)  InP  substrate.  SL  diffraction  peaks  up  to  the  19’*'  order  give  evidence  of  the  high  structural 
quality  of  the  layers.  The  average  lattice  mismatch  of  the  SL  is  (AdJd)^  =  2.810“''  indicating  a  good 
lattice  match  to  InP. 

Fig.  2  shows  normalized  low-temperature  PL  spectra  (10  K)  of  the  (Gai.^In^As  -  GaAsi.ySby)  SLs 
(see  Tab.  1).  The  dominant  peak  in  all  spectra  arises  from  spatially  indirect  type-II  recombination  of 
electrons  in  the  conduction  band  of  the  Gai..tInyAs  and  holes  in  the  valence  band  of  the  GaAsi.ySby.  The 
SL  of  sample  #8  is  very  asymmetric  in  its  individual  layer  thicknesses  with  _  26  nm  : 

4  nm.  This  sample  shows  besides  the  type-II  emission  at  0.562  eV  (2.20  pm)  also  the  spatially  direct 
type-I  recombination  within  the  Gai.;tIn;cAs  layer  at  0.772  eV  (1.61  pm).  At  higher  temperatures  this 
peak  vanishes  while  the  type-II  emission  was  observed  up  to  room-temperature.  The  300  K  emission  is 
centered  at  2.30pm.  The  Gai.;tIn;(As  and  GaAsi-j,Sbj,  layer  composition  and  the  thickness  ratio 
^GainAs^^GoAssb  _  2  3  identical  in  sample  #15  and  #16,  while  the  SL  period  d^^  has  been  reduced  from 
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12.2  nm  (#15)  to  6.2  nm  (#16)  with  the  number  of  periods  doubled  in  sample  #16.  Therefore  the 
volume  of  the  SL  stack  was  kept  constant  while  the  number  of  interfaces  was  doubled.  Due  to  the 
enhanced  wavefunction  overlap  the  PL  intensity  of  sample  #16  was  more  than  a  factor  of  two  larger 
than  that  of  sample  #15.  The  93  meV  blue-shift  of  the  type-II  emission  from  0.615  eV  (#15)  to 
0.708  eV  (#16)  is  caused  by  an  increase  in  confinement  energies  with  the  smaller  period  of  the  SL. 

From  the  PL  of  sample  #8  it  is  possible  to  give  a  rough  estimate  of  the  band  alignment  of  strained 
GaAsi.ySby  relative  to  Gai.;tIn;,As  and  InP.  Assuming  the  low-temperature  band-gap  energy  of 
Gai.;cIn;tAs  to  be  £:(x)=  1.519 -t  1.584  0.475  (8]  and  including  the  splitting  of  the  valence  band 

due  to  tetragonal  strain  [9],  an  In  concentration  x  ~  0.58  is  obtained  from  the  PL  spectrum  of  sample  #8. 
Confinement  effects  in  the  conduction  band  of  the  26  nm  wide  Gai.;tInj:As  layer  have  been  neglected. 
Based  on  the  average  lattice  mismatch  (Ad/dj^^l.SlQ"'  and  the  nominal  thickness  ratio 
^GainAs .  ^CaAsSb  =  26  nm  ;  4  nm  the  actual  Sb  concentration  y  in  the  GaAsi-^Sb,.  layer  can  be  estimated 
to  0.2.  A  slight  variation  of  this  ratio,  such  as  e.g.  _  24  3  jjjj^ .  5  7  results  in  an 

increase  of  the  Sb  concentration  to  y  =  0.3.  The  composition  dependence  of  the  band-gap  energy  of 
GaAsi.jSbj,  is  given  by  £(y)  =  1.519 -1-  1.2  y -t  1.2  [8].  Taking  strain  effects  into  account  [9]  one 

obtains  a  low-temperature  band-gap  for  GaAsi-j.Sbj,  of  Eg  =  0.98  eV  (y  =  0.2)  or  Eg  =  0.89  eV  (y  =  0.3). 
From  the  difference  between  the  type-I  and  the  type-II  emission  energies  a  valence  band  offset  between 
Gai.;tIn;,As  and  GaAsi-^Sby  (y  =  0.2  to  0.3)  of  0.21  eV  is  obtained.  These  values  result  in  a  conduction 
band  offset  between  Gai.:tInxAs  and  GaAsi.j,Sby  of  0.33  eV  to  0.39  eV.  Assuming  a  valence  band 
discontinuity  j2v  =  A£:v/(A£:v  + AEc)  =  0.6  for  Ga|.;,KAs  relative  to  InP  [6,7,10]  the  valence  band 
discontinuity  Qv  of  GaAsi.ySbj  relative  to  InP  is  found  to  be  between  1 . 1  and  1 .3. 

For  calibration  purposes  a  sample  with  a  60  nm  thick  layer  of  GaAsi-ySbj.  was  grown 
pseudomoiphically  strained  on  InP  substrate.  The  Sb  content  was  determined  by  HRXRD  as  y  =  0.42. 


Wavelength  (pm) 

3  2.5  2  1.5 


Fig.  1:  HFtXRD  reflection  profile  of  a  10  x  (Gai.xln;As - 
GaAsi.ySby)  SL  (sample  #8)  around  the  002  reflection  of  InP 
(upper  profile:  measurement,  lower  profile:  simulation).  The  inset 
shows  a  magnification  of  the  region  around  the  InP-substrate 
peak. 


Fig.  2:  10K  PL  spectra  of 

(Gai.xInAs  -  GaAsi.jSby)  SL 
stnjctures  with  varying  Gai-Jn^As 
and  GaAsi.ySby  thicknesses  = 
1.064  pm,  Pexc=10W/cm% 
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Though  exactly  the  same  nominal  growth  parameters  were  used  for  the  (Gai.^rln^As  -  GaAsi.ySb^)  SL 
the  Sb  incorporation  is  significantly  lower  in  the  SL  structure  than  in  the  thick  GaAso.58Sbo.42  layer.  The 
Sb  incorporation  into  GaAsi.;,Sbj,  is  known  to  depend  strongly  on  the  V:in  ratio  [2,11,12],  It  is  likely 
that  the  V:in  ratio  during  the  growth  of  the  SL  stack  is  larger  than  during  the  growth  of  a  single 
GaAsi.ySbj,  layer  (V;in  =  1.6),  since  the  Gai-xIn;tAs  layers  of  the  SL  were  grown  with  a  ViIH  ratio  of  70. 
Thus  the  Sb  concentration  into  the  GaAsi.ySbj,  layers  of  the  SL  might  be  less  than  42%  due  to  a  higher 
As  background  in  the  MOCVD  reactor.  This  also  explains  why  most  SLs  are  compressively  strained, 
i.e.  (see  Tab.  1)  even  though  strain  compensation  is  expected  on  the  basis  of  the  bulk 

calibration  data. 

Klem  et  al.  [4]  used  low-temperature  PL  to  derive  values  for  the  conduction  and  valence  band 
offsets  in  (Gai..thixAs  -  GaAsi.ySbj,)  SLs  lattice  matched  to  InP.  Direct  band-gaps  of  =  0.8O  eV 

and  Eg  =  0.81  eV  and  a  type-II  band-gap  E^‘'"  =  0.43  eV  were  found  which  result  in  band  offsets 
between  Gai.^thijcAs  and  GaAsi.ySb,  of  AEcb=  0.37  eV  and  AEvb=  0.43  eV.  Sai-Halasz  et  al.  [3] 
investigated  Gao 4510055 As  (3.7  nm)  /  GaAso45Sbo55  (3.1  nm)  SLs  by  absorption  spectroscopy  at  10  K 
and  obtained  Eg'^'“"  =  Q.21  tN ,  A£:vs  =  0.54eV  and  A£cs  =  0.65eV  =  0.81  eV  and 

Eg  =  0.92  eV).  It  is  difficult  to  compare  the  results  of  the  present  study  with  the  data  reported  in 
Ref  3  and  Ref  4  since  all  investigated  SLs  have  the  different  nominal  compositions. 

In  conclusion,  (Gai.;(In;fAs  -  GaAsi.^Sbj,)  SLs  were  grown  by  MOCVD  strain  compensated  onto 
InP.  All  samples  showed  excellent  surface  morphology  with  RMS-roughnesses  less  than  0.3  nm.  The 
SL  period  was  varied  from  6.2  nm  to  30  nm.  X-ray  rocking  curves  of  all  samples  show  well  resolved 
SL  diffraction  peaks.  FT-PL  measurements  reveal  strong  type-Il  emission  beyond  2  pm  at  10  K,  which 
persists  up  to  room  temperature.  Assuming  a  valence  band  discontinuity  Qv  between  Gao.42lno,58As  and 
InP  of  0.6  [6,7,10],  the  valence  and  conduction  band  offsets  between  Gao 42lno,58As  and  GaAsi.ySbj,  (y  = 
0.2  to  0.3)  are  estimated  to  be  0.21  eV  and  between  0.33  eV  and  0.39  eV,  respectively.  The  Sb 
incorporation  into  the  (Gai..tIn4As  -  GaAsi.^Sbj,)  SL  was  found  to  be  smaller  than  in  thick  GaAsi.j,Sb5, 
layers  grown  with  identical  growth  parameters.  This  is  due  to  the  growth  of  Gai..tIn;tAs  layers  in- 
between  the  GaAsi.ySby  layers  which  results  in  a  higher  As  background  in  the  MOCVD  reactor 
chamber  and  therefore  reduces  the  Sb  incorporation  into  the  SL. 
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MBE  Growth  and  Optical  Investigation  of  GaSb/ AlSb 
VCSEL  Structures  for  the  1.5/ini  Range 
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Universitiit  Wiirzburg,  D-97074  Wurzburg,  Germany 

We  have  investigated  the  growth  of  VCSELs  based  on  the  GaAlSb  material  system  by  solid  source 
molecular  beam  epitaxy.  Laser  structures  with  different  numbers  of  mirror  layers  have  been  analyzed 
by  reflectivity  experiments.  We  observe  a  systematic  narrowing  of  the  cavity  resonance  with  increasing 
number  of  mirror  layers  down  to  a  FWHM  of  0.9  meV  (50  K).  The  dependence  of  the  FWHM  of  the 
cavity  resonance  on  the  number  of  mirror  layers  and  the  temperature  dependence  of  the  resonance 
energy  are  found  to  be  in  good  agreement  with  results  of  transfer  matrix  theory  calculations. 


1  Introduction 

Recently  there  has  been  an  increasing  interest  in  the  GaSb  material  system  caused  by  the  search 
for  novel  emitters  and  detectors  for  the  near  and  mid  infrared.  The  most  important  material 
system  for  wavelengths  in  the  range  of  telecommunication  InGaAsP  shows  severe  limitations  for 
devices  operating  at  wavelengths  beyond  1.6  fim  as  far  as  vertical  cavity  surface  emitting  lasers 
(VCSELs)  are  concerned.  VCSEL  structures  are  of  particular  interest  for  massively  parallel  optical 
transmission  systems.  In  these  structures  a  vertical  cavity  is  formed  by  Bragg  mirror  layer  stacks 
of  materials  with  different  refractive  index.  Low  threshold  lasers  can  be  obtained  for  properly 
tuned  cavities  and  Bragg  mirror  stacks  with  reflectivities  in  excess  of  99.99%.  Due  to  the  rather 
small  refractive  index  difference  in  the  InGaAsP  system  this  requires  the  growth  of  very  thick 
(11.5/im,  45  InP/GalnAsP  pairs  [I])  lasers  or  the  use  of  hybrid  mirror  laser  structures  [2]. 

Heterostructures  based  on  GaAlSb  permit  to  use  a  very  large  refractive  index  difference  of  up 
to  0.7  between  the  binary  materials  and  therefore  constitute  very  good  candidates  for  VCSEL 
fabrication  at  telecommunication  wavelengths  and  beyond.  In  the  present  paper  we  report  the 
growth  and  the  reflectivity  characterization  of  these  structures. 

2  Growth  of  GaAlSb  VCSELs 

The  present  VCSEL  structures  were  grown  in  an  Eiko  EV-lOO  S  MBE  with  eight  solid  source 
Knudson  cells.  In  order  to  grow  layers  with  different  A1  contents  the  system  is  equipped  with  two 
A1  Sources.  As  and  Sb  are  provided  by  solid  sources.  The  growth  temperature  was  controlled  by 
a  pyrometer  and  especially  at  lower  temperatures  by  a  thermocouple.  Prior  to  the  growth  of  the 
buffer  layer  the  surface  oxide  of  the  GaAs  substrates  was  removed  by  heating  the  samples  for  one 
minute  at  620“  C  under  As  pressure.  The  growth  temperatures  of  the  GaSb  and  Gao.seAlo.irSb 
layers  were  about  500“C.  For  AlSb  layers  the  substrate  temperature  was  raised  to  540“C.  Growth 
rates  for  GaSb  of  about  1.07  pm/h,  1.17  fim/h  for  Gao.86Alo.14Sb  and  of  0.45  /rm/h  for  AlSb  were 
used. 

Fig.  1  shows  schematically  the  layout  of  a  typical  VCSEL  structure.  On  top  of  a  nominally 
undoped  (100)  oriented  GaAs  substrate  a  300  nm  thick  GaAs  buffer  layer  is  deposited.  On  top  of 
the  buffer  layer  lies  the  bottom  mirror  with  up  to  15  alternating  layers  of  AlSb  (119  nm  thick)  and 


CCC  Code  0-7803-3883-9/98/$10.00  ©  1998  IEEE 


122 


o 


> 

(Ti 

oi 

If) 

u~ 


> 

cn 

o- 


Top  mirror 


Spacer 

MQW  A-cavity 
Spacer 


Bottom  mirror 


GaAs  Buffer 


FIG.  1;  Schematic  bandstructure  of  a  GaSb/AlSb  VCSEL  as  presented  here.  The  bottom  mirror  consists 
of  up  to  15  and  the  top  mirror  of  14  mirror  pairs.  The  active  region  is  a  9  nm  multi  quantum  well 
(MQW). 


of  Gao.gsAlo.uSb  layers  (93  nm  thick).  Due  to  the  large  lattice  mismatch  of  7  %  between  GaSb 
and  AlSb  and  GaAs  the  lower  mirror  contains  a  high  density  of  misfit  dislocations.  On  the  lower 
Bragg  reflector  a  one  A-cavity  of  Gao.geAlo.uSb  is  grown,  which  includes  in  its  center  three  GaSb 
quantum  wells  (thickness  9  nm),  serving  as  active  layers  in  the  devices.  The  upper  Bragg  reflector 
includes  similar  mirror  stacks  as  the  bottom  one.  Due  to  the  additional  reflectivity  at  the  surface, 
we  typically  grow  the  upper  reflector  with  one  mirror  pair  less  than  the  lower  one.  Gao,g6Alo.i4Sb 
is  used  for  the  cavity  and  the  low  band  gap/high  refractive  index  sections  of  the  mirrors  in  order 
to  avoid  absorption  of  the  light  emitted  by  the  quantum  wells.  The  complete  structure  is  covered 
by  a  thin  GaSb  cap  layer  (5  nm)  to  avoid  degradation  due  to  A1  oxidation. 

3  Reflectivity  Studies 

VCSEL  structures  with  different  numbers  of  mirror  pairs  were  characterized  by  reflectivity  mea¬ 
surements  using  a  standart  halogen  lamp  as  a  light  source.  As  a  detector  a  LN2  cooled  Ge 
photoconductor  connected  to  a  lock-in  amplifier  was  used.  The  reflectivity  of  the  samples  was 
calibrated  with  respect  to  that  of  an  Au-coated  mirror.  For  temperature  dependent  measurements 
the  samples  were  mounted  inside  a  variable  temperature  cryostat,  which  permitted  investigation 
between  2K  and  room  temperature. 

Fig.  2a  shows  reflectivity  spectra  measured  on  a  VCSEL  structure  containing  15  mirror  pairs  at 
the  bottom  Bragg  reflector  and  14  at  the  top.  The  spectra  show  a  large  stopband  of  about  100  meV 
between  approximately  0.77  eV  and  0.875  eV.  In  the  center  of  the  stopband  a  very  sharp  cavity 
resonance  is  observed.  The  FWHM  of  the  cavity  resonance  at  50  K  is  0.9  meV.  With  increasing 
temperature  the  stopband  and  the  cavity  resonance  shift  to  lower  energy  due  to  the  temperature 
dependence  of  the  refractive  indices  of  the  cavity  and  mirror  materials.  Simultaneously  the  depths 
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FIG.  2:  a)  Reflectivity  spectra  for  severai  temperatures.  The  measured  structure  contains  15  bottom  and 
14  top  mirrors.  It  has  a  large  stopband  of  100  meV  and  a  narrow  FWHM  of  the  resonance  peak  of  about 
0.9  meV  at  a  temperature  of  50  K.  b)  Comparison  of  the  measured  values  with  transfer  matrix  theory. 


of  the  resonance  decreases  and  FWHM  increases  which  arises  due  to  differences  in  the  temperature 
dependences  of  the  refractive  indices  of  cavity  and  mirrors. 

Fig.  2b  shows  a  comparison  of  the  temperature  dependence  of  the  cavity  resonance  as  determi¬ 
ned  from  experiment  with  transfer  matrix  theory.  Due  to  the  rather  weak  temperature  dependence 
of  the  refractive  indices  the  shift  of  the  cavity  resonance  between  He  and  room  temperature  ob¬ 
served  experimentally  amounts  only  18  meV. 

In  order  to  modell  the  data  a  values  of 

dn/dT=1.14  10-^K-' 

has  been  used  for  the  temperature  dependence  of  the  refractive  index  and  the  room  temperature 
value  of  n  [3].  For  GaSb  we  used  values  of 

1/n  •  dn/dT=9.7  10“® K"' 

from  [4].  The  value  of  the  refractive  index  of  Gao.86Alo.14Sb  and  of  its  temperature  dependence 
have  been  interpolated  linearly  from  the  values  for  the  binary  systems.  As  can  be  seen  from 
the  good  agreement  of  the  experimental  data  and  the  calculated  curve  the  observed  temperature 
dependence  of  the  resonance  position  can  be  described  quantitatively  by  the  calculations. 

Fig.  3a  shows  on  an  enlarged  scale  the  energetic  region  of  the  cavity  resonance  taken  from 
reflectance  spectra  of  samples  with  a  varying  number  of  mirror  pairs.  For  the  VCSEL  structure 
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FIG.  3:  a)  Dependency  of  the  FWHM  from  the  number  of  mirror  pairs,  b)  The  solid  line  in  the  plot  on 
right  hand  was  calculated  using  matrix  theory. 


containing  5  bottom  and  4  top  mirror  pairs  (bottom  trace  in  the  figure)  the  cavity  resonance  has  a 
very  large  halfwidths  of  33  meV.  As  the  number  of  mirror  pairs  is  increased  the  FWHM  decreases 
dramatically.  For  a  VCSEL  with  8  bottom  and  7  top  mirror  pairs  the  resonance  FWHM  is  8.4 
meV,  which  decreases  to  0.9  meV  for  the  structure  with  15  and  14  mirror  pairs  in  the  top  and 
bottom  Bragg  reflectors.  The  narrowing  of  the  cavity  resonance  reflects  the  increase  of  the  quality 
factor  of  the  cavity  with  an  increasing  number  of  mirror  pairs.  Fig.  3b  shows  a  comparison  of 
the  measured  values  of  the  FWHM  of  the  resonances  at  300  K  with  the  results  of  transfer  matrix 
calculations.  The  values  of  the  refractive  indices  at  300  K  were  obtained  as  described  above.  We 
observe  a  very  good  agreement  between  the  experimental  results  and  the  calculation. 
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Abstract.  Thalhum  incorporation  in  GaTLAs  and  InTlAs  was  systematically  studied  in  solid  source  MBE  by 
RHEED,  Auger  Electron  Spectroscopy  and  X-ray  diffraction  as  function  of  thallium  concentration,  substrate 
temperature  and  IIW  flux  ratio.  Low  temperature  growth  exhibits  a  (2x2)  thallium-induced  structure  and  also 
shows  surface  thalliuTn  accumulation.  No  evidence  of  bmary  TlAs  formation  was  found.  Auger  electron 
spectroscopy  measurements  show  limited  thallium  solubility  in  GaTlAs  and  InTlAs.  X-ray  diffraction 
measurements  show  the  successful  growth  of  epitaxial  layers  of  TlGaAs  with  a  molar  fraction  of  Tl=0.05  and  a 
second  metal  phase  on  the  surface. 


1.  Introduction: 

A  new  family  of  thallium-based  III-V  semiconductor  compounds  such  as  InTlP,  InTlAs  and 
InTlSb  has  been  proposed  recently  as  an  alternative  low  band  gap  material  system  [1,2].  According  to 
theoretical  calculations,  the  stable  zinc-blend  binary  compounds  TIP,  TlAs  and  TlSb,  lattice 
mismatched  less  than  2%  to  InP,  InAs  and  InSb,  are  semimetals  with  negative  band  gaps,  similar  to 
HgTe.  Therefore  these  thallium  alloys  may  be  analogous  to  HgCdTe,  spanning  the  far-  and  mid- 
infrared  spectral  regions.  It  has  been  predicted  that  the  alloys  Ino,33Tlo.67P,  Ino.85Tlo.15As  and 
In0.9iTl0.09Sb  each  reach  a  bandgap  of  100  meV  and  are  nearly  lattice-matched  to  InP,  InAs,  and 
InSb,  respectively,  with  5a/a<l%.  However,  there  is  currently  little  information  about  phase  diagrams 
for  these  alloys  [3],  and  there  have  been  few  reports  of  attempts  to  grow  them.  TIP,  InUP  and 
InGaTlP  have  been  grown  successfully  by  gas-source  molecular  beam  epitaxy  [4,5]  and  also  the  Ini. 
xUxSb  system  has  been  studied  for  0<x<l  in  metal-organic  chemical  vapor  deposition  [6,7]. 

Thallium  is  a  volatile  material  with  a  high  equilibrium  vapor  pressure  at  low  temperatures  by 
molecular  beam  epitaxy  (MBE)  standards  (  P=  lO'*’  torr  at  350  °C  [8]),  which  stimulates  thallium 
reevaporation  from  the  grown  surface  even  at  low  substrate  temperatures.  The  covalent  radius  of  the 
thallium  valence  -3  ion  (0.095  nm)  is  bigger  than  the  radius  of  either  Ga  or  In  (0.062  and  0.081  nm). 
This  large  covalent  radius  can  enhance  the  accumulation  and  segregation  of  thallium  on  the  growing 
surface,  from  which  it  can  re-evaporate.  This  combination  of  segregation  to  the  surface  and  re¬ 
evaporation  can  make  it  difficult  to  incorporate  significant  amounts  of  thallium  into  the  layer. 
Fortunately,  the  molecular  beam  epitaxy  technique  can  grow  thermodynamically  metastable 
compounds  under  strongly  non-equilibrium  conditions  by  using  a  very  low  substrate  temperature  and  a 
large  nW  element  flux  ratio. 

In  this  work,  we  have  studied  thallium  incorporation  in  InTlAs  and  GaTlAs  grown  by  solid- 
source  MBE.  The  thallium  behavior  was  determine  by  reflection  high-energy  electron  diffraction 
(RHEED),  Auger  electron  spectroscopy  (AES)  and  x-ray  rocking-curve  measurements.  InTlAs  was 
grown  over  InAs  buffer  layer,  while  GaTlAs  was  grown  on  both  GaAs  and  InAs. 
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2.  Experimental  procedure: 

We  grew  epitaxial  layers  using  conventional  solid-source  MBE  with  As4  and  elemental  column  in 
metal  sources.  The  incorporation  of  thallium  in  TIAs,  InTlAs  and  GaTlAs  was  studied  by  the  growth 
of  epitaxial  films  over  InAs  and  GaAs  buffer  layers  on  (lOO)-oriented  surfaces.  The  substrate 
temperature  was  varied  from  450  °C  to  150*C.  The  growth  rate  of  InAs  and  GaAs  was  determined  by 
observing  RHEED  oscillations  and  was  set  to  1.0  ML/s.  The  fluxes  of  Tl,  Ga,  In  and  AS4  were 
measured  by  a  molecular  beam  flux  monitor  (ion  gauge)  which  was  rotated  into  the  substrate  position. 
The  growth  temperature  was  measured  by  a  thermocouple  located  near  to  the  substrate,  calibrated 
from  the  temperatures  of  superstructure  transitions  on  GaAs  and  InAs  in  ultrahigh  vacuum  [9]  and  also 
from  the  temperature  of  native  oxide  evaporation  from  GaAs. 

The  surface  concentration  of  thallium  was  estimated  from  AES  spectra  taken  in  situ.  The 
lattice  parameter  of  the  epitaxial  films  was  determined  by  X-ray  diffraction  rocking  curves  of  (400) 
and  (511)  reflections.  Surface  morphology  was  observed  using  optical  microscopy  with  Nomarski 
contrast. 

3.  Attempts  to  grow  the  binary  compound  TIAs: 

Substrate  temperatures  ranging  from  450 °C  to  150'C,  as  well  As/Tl  beam  flux  ratios  from  1500 
to  100  were  employed  for  synthesis  of  TIAs  over  InAs  and  GaAs.  These  beam  flux  ratios  correspond 
to  a  much  larger  excess  of  arsenic  than  is  typically  used  for  the  growth  of  GaAs  or  InAs. 
Reevaporation  caused  a  rapid  decrease  of  thallium  sticking  coefficient  at  temperatures  above  350  °C. 
In  this  temperature  range,  the  surface  reconstruction  of  both  GaAs  and  InAs  transformed  under  a  Tl 
flux  from  c(4x4)  to  (2x2),  but  we  found  no  evidence  of  TIAs  formation. 

Reduction  of  substrate  temperature  to  the  range  below  350  °C  caused  thallium  to  accumulate  on 
the  surface  in  form  of  metallic  droplets.  During  epitaxial  growth  at  these  temperatures,  the  brightness 
of  the  RJHEED  pattern  decreased  monotonically  with  time,  and  the  surface  became  covered  by 
thallium  droplets.  The  size  and  density  of  Tl  droplets  increased  as  substrate  temperature  was  reduced 
and  as  the  length  of  time  increased  during  which  Tl  was  deposited.  It  is  interesting  to  note  that 
reduction  of  the  substrate  temperature  to  150°C,  which  is  less  than  the  thallium  melting  point  of 
305°C,  still  results  in  thallium  droplet  formation.  We  suggest  that  this  phenomenon  be  caused  by  a 
very  high  surface  mobility  of  thallium  adatoms. 

To  further  clarify  the  interaction  of  thallium  with  arsenic  flux  on  the  InAs  and  GaAs  surfaces, 
we  deposited  about  ~  0.5  ml  of  thallium  in  the  absence  of  arsenic  flux  on  these  epitaxial  surfaces  at 
300°C.  This  coverage  of  Tl  converted  the  surface  reconstruction  from  c(4x4)  to  (2x2)  for  both  GaAs 
and  InAs.  We  observed  a  strong  reduction  of  the  diffuse  background  in  the  RHEED  patterns  for  these 
surfaces,  which  is  typical  of  (4x2)  metal-stabiUzed  structures  on  GaAs  and  InAs.  Cooling  these 
samples  in  ultrahigh  vacuum  from  300 ’C  to  room  temperature  did  not  result  in  any  observed  changes 
in  surface  reconstruction.  Maintaining  this  thallium  stabilized-surface  in  an  arsenic  flux  in  the 
temperature  range  300°C-20°C  also  caused  no  change  in  surface  structure.  The  exposure  of  this 
surface  to  an  arsenic  flux  at  room  temperature  for  a  long  time  resulted  only  in  arsenic  accmnulation. 
Increasing  the  substrate  temperature  to  above  350 'C  rapidly  converted  the  Tl -induced  (2x2)  structure 
to  C(4x4)  for  GaAs  and  to  (2x4)  for  InAs.  RHEED  patterns  observed  on  InAs  under  Tl  deposition  are 
shown  in  Fig.  la  and  Fig. lb.  The  surface  structure  after  thallium  desorption  is  shown  in  Fig.lc. 
Based  on  these  measurements,  we  suggest  that  thallium  on  GaAs  and  InAs  surfaces  does  not  react  with 
As4  flux  at  temperatures  below  350  °C  and  is  easily  sublimed  from  these  surfaces  at  temperatures 
above  350°C. 
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[110]  [010]  [110] 


(c) 

Fig.l.  RHEED  pattern  of  InAs  surface,  taken  in  along  the  [1 10],  [010]  and  [1 10]  azimuths:  a)-  before  thallium  deposition, 
b)-  after  deposition  of  0.5  ml  of  T1  at  300°C  and  c)-  after  T1  desorption  at  350"C 


4.  The  growth  of  InTlAs  and  GaTlAs: 

In  an  initial  attempt  to  determine  the  solubility  of  thallium  in  InAs  and  GaAs,  these  compounds 
were  grown  on  Tl-rich  surfaces  at  300  "C,  a  temperature  at  which  no  thallium  reevaporation  takes 
place.  The  surface  concentration  of  thallium  was  measured  in  situ  by  AES  following  deposition  of 
InAs  and  GaAs  layers  of  increasing  thicknesses.  The  AES  measurements  show  a  monotonic  decrease 
of  the  thallium  surface  concentration  as  a  function  of  InAs  or  GaAs  deposition  time  (see  Fig.2). 
A  Sliming  that  the  surface  thallium  initially  present  either  rides  along  the  surface  or  is  incorporated 
into  the  growing  layer,  we  determined  that  the  fractional  solubility  limit  of  thallium  in  InTlAs  and 
GaTlAs  at  300  °C  is  0.006  and  0.009  respectively. 

To  synthesize  InTlAs  and  GaTlAs  with  larger  fractional  T1  compositions,  lower  substrate 
temperatures  were  used.  A  series  of  samples  was  grown  at  Ts=  180°C,  220°C  and  245  °C  with  a 
thallium  molecular  beam  flux  of  about  ~3%  of  the  Ga  or  In  beams  (TI  source  temperature  480  °C). 
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RHEED  patterns  and  subsequent  optical  microscopy  showed  a  rapid  segregation  of  thallium  on 
the  growing  surface  in  the  form  of  T1  droplets  when  H/Ga  or  Tl/In  ratios  exceeded  0.03. 

The  evolution  of  the  RHEED  pattern  of  GaAs:Tl  at  180°C  is  shown  in  the  Fig.  3.  An  initial 
arsenic-stabilized  c(4x4)  structure  converted  to  a  (2x2)  Tl-induced  structure  during  approximately  the 
first  five  minutes  of  growth.  As  growth  continued,  the  intensity  of  the  RHEED  pattern  decreased  due 
to  thallium  accumulation  and  surface  roughening.  Microtwin  crystal  formation  was  detected  after 
deposition  about  0.6  pm  of  GaTlAs.  When  growth  took  place  at  higher  Ts,  we  observed  only  the 
transition  to  the  Tl-induced  structure  and  subsequent  reduction  of  RHEED  intensity  due  to  H  droplet 
accumulation,  but  no  microtwins.  Qualitatively  similar  RHEED  behavior  was  observed  during  the 
growth  of  InTlAs. 

The  evolution  of  surface  morphology  as  function  of  growth  temperature  for  GaTlAs  and 
InTlAs  is  shown  in  Fig.4.  All  epitaxial  films  have  a  thickness  of  0.7  pm.  No  thallium  droplets  were 
found  on  GaTlAs  surfaces  grown  at  T3=180”C,  but  they  were  present  on  InTlAs  grown  at  that 
temperature.  At  Ts  increased,  the  size  of  droplets  and  the  average  distance  between  them  expanded, 
which  reflects  an  increase  in  the  thallium  surface  diffusion  length. 

Fig.5  shows  double-crystal  X-ray  diffraction  (400)  rocking  curves  for  GaTlAs  layers  grown  on 
GaAs  substrates  at  T,=  180°C,  220”C  and  245°C.  The  peaks  from  the  ternary  alloys  are  clear  visible, 
indicating  thallium  incorporation  into  the  film.  The  peak  separation  is  623  arc  sec  for  samples  grown 
at  T,  =180°C,  617  arc  sec  for  Ts  =220°C,  and  160  arc  sec  for  the  sample  grown  at  245°C.  The  rapid 
reduction  in  peak  separation  as  T,  increases  reflects  the  redistribution  of  thallium  away  from 
incorporation  into  the  solid  and  toward  formation  of  T1  droplets.  We  estimate  the  maximum  T1  molar 
fraction  to  be  2.5%  in  GaTlAs,  based  on  a  predicted  TlAs  lattice  constant  of  0.618  run  [1].  An 
increase  of  Tl/Ga  flux  ratio  to  -0.06  (thallium  source  temperature  500  "C)  caused  an  increase  in  T1 


(d)  (e)  (f) 

Fig.4.  Surfacemoiphology  (xlOOO  withNomarski  contrast)  of  GaTlAs  and  InTlAs  grown  at  three  substrate  temperatures;  a) 
GaTlAs  grown  at  Ts  =1 80'C,  b)  Ts  =220"C,  c)  Ts=245"C,  d)  InTlAs  grown  at  Ts  =180’C,  e)  Ts  =220°C,  1)  Ts  =245°C. 
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Fig.S.  X-ray  diffraction  (400)  rocking  curves  for  GaTlAs,  grown  a)-  at  Ts =1 8(JC,  b)-  at  Ts  =220°C  and  c )-  at  245°C. 

droplet  density  and  also  an  increase  in  peak  separation  in  X-ray  rocking  curves  to  1260  arc  sec,  which 
corresponds  to  a  T1  molar  fraction  0.05  in  GaTlAs. 

Since  predicted  lattice  constant  of  TlAs  is  close  to  one  of  InAs,  this  makes  difficult  to  apply  X- 
ray  technique  for  characterization  of  InTlAs.  The  bandgap  determination  of  InTlAs  and  GaTlAs  by 
photoluminescence  and  transmission  measurements  is  stills  in  progress  and  will  subject  of  separate 
paper . 

5.  Conclusion; 

Using  conventional  solid  source  MBE  with  AS4,  we  were  not  able  to  synthesize  the  binary 
compound  TlAs.  We  have,  however,  grown  GaTlAs  and  InTlAs  for  the  first  time  using  conventional 
solid  source  MBE.  X-ray  diffraction  showed  the  successful  growth  of  GaTlAs  with  a  T1  molar 
fraction  of  0.05.  The  typical  MBE  growth  conditions  for  GaTlAs  and  InTlAs  lie  in  a  two-phase 
region,  bounded  by  the  ternary  alloy  GaTlAs  (or  InTlAs),  and  the  liquid  Ga(In)+Tl+As.  Thallium 
incorporation  in  the  solid  films  suffers  from  the  metal  phase  accumulation  on  the  surface  due  to  the 
very  low  stability  of  TlAs  relative  to  the  liquid  phase  and  also  due  to  differences  between  the  atom 
covalent  radii  of  Tl  and  Ga  or  In. 
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Abstract  High  quality  interfaces  are  the  workhorse  of  the  semiconductor  industry.  Structural  and  electronic 
interface  properties  have  a  significant  impact  on  device  performance.  This  paper  investigates  the  effect  of  the 
As  cap  deposition/removal  process  on  electronic  interface  properties.  The  electronic  interface  properties  were 
Investigated  by  photoluminescence  power  spectroscopy.  It  was  found  that  the  As  cap  deposition/removal 
process  with  wafer  storage  in  air  causes  significant  degradation  of  the  electronic  interface  properties  (Njt  >10 
cm'^)  although  structural  degradation  of  the  GaAs  surface  could  not  be  observed.  Thus,  the  impact  on  electronic 
interface  properties  needs  to  be  considered  when  designing  electronic  or  optoelectronic  devices  using  the  As 
cap  deposition/removal  process. 


1.  Introduction 

For  compound  semiconductors  such  as  GaAs,  the  fabrication  of  abrupt  and  atomically  ordered  interfaces 
is  routinely  performed  using  in  situ  overgrowth.  Alternatively,  the  As  cap  deposition/removal  technique 
was  suggested  to  add  flexibility  to  a  variety  of  processes  used  in  the  compound  semiconductor  industry 
[1].  The  latter  technique  is  based  on  in  situ  deposition  of  an  As  cap  layer  which  protects  the  wafer  surface 
in  the  fabrication  facility.  Following  wafer  processing  and/or  storage,  the  As  cap  is  thermally  desorbed 
under  As  over  pressure  or  in  ultra-high  vacuum  (UHV)  prior  to  overgrowth.  While  the  thermal  desorption 
of  the  As  cap  is  preferentially  done  under  As  over  pressure,  the  process  of  thermally  desorbing  the  As 
cap  was  also  investigated  under  UHV  conditions.  Previous  in  situ  studies  established  that  the  As  cap  de¬ 
sorption  technique  can  provide  surface  properties  such  as  surface  atomic  order  and  roughness  which  are 
comparable  to  those  of  as-grown  surfaces  (e.g.,  [2]).  Although  electronic  interface  properties  have  a  sig¬ 
nificant  impact  on  device  performance,  there  have  been  no  reports  on  electronic  properties  of  interfaces 
which  were  fabricated  using  the  As  cap  deposition/removal  technique. 

In  this  article,  we  investigate  the  electronic  properties  of  GaAs  homointerfaces  grown  by  molec¬ 
ular  beam  epitaxy  (MBE)  using  the  As  cap  deposition/removal  technique.  Interface  properties  such  as 
surface  recombination  velocity  S  and  interface  state  density  are  reported  and  compared  to  those  ob¬ 
served  for  in-situ  grown  GaAs  homointerfaces. 


2.  Wafer  Fabrication 

The  epitaxial  layers  were  grown  by  MBE  on  2-in  n+  (100)  GaAs  wafers.  The  layer  sequence  is  shown  in 
Fig.  1  for  (a)  the  structure  using  the  As  cap  deposition/removal  process  and  (b)  a  standard  reference  stmc- 
mre.  For  the  structure  depicted  in  Fig.  1(a),  the  epitaxial  growth  was  interrupted  after  completion  of  the 
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30  A  GaAs 

30  A  GaAs 

450  A  AIq  g|GaQ  39AS 

450  A  AIq  gjGaQ  39AS 

100  A  GaAs:Si,  2  x  10*®  cm'^ 

1.3pmGaAs:Si,2x  10‘*cm-3 

1.3  um  GaAs:Si,  2  x  lO'®  cm'^ 

0.2  pm  GaAs:Si,  2  x  lO'*  cm'^ 

0.2  pm  GaAs:Si,  2  x  lO’*  cm'^ 

n"*"  GaAs  substrate 

n*  GaAs  substrate 

(b) 

(a) 


Fig.  1.  Test  structures  using  (a)  the  As  cap  deposition/removal  process,  and  (b)  a  standard 
reference  structure.  The  dashed  and  dashed-dotted  lines  indicate  the  GaAs 
homointerface  and  the  AIGaAs-GaAs  heterointerface,  respectively. 


1.3  |J,m  thick  GaAs  active  layer,  an  As  cap  was  deposited  under  various  conditions  and  the  wafers  were 
stored  in  ultra-high  vacuum  or  air  for  3  to  10  days.  The  deposition/storage  conditions  for  the  As  cap  layer 
are  summarized  in  Table  1.  Subsequently,  the  wafers  were  loaded  into  the  growth  chamber,  the  As  cap 
was  desorbed  under  As  over  pressure  when  the  substrate  temperature  Tg  was  raised  to  600  °C,  and  the 
layers  above  the  dashed  line  in  Fig.  1(a)  were  grown  at  Tg  =  600  °C.  The  As  desorption  was  monitored 
by  reflection  high-energy  electron  diffraction  (RHEED).  The  standard  reference  structure  shown  in  Fig. 
1(b)  was  fabricated  without  growth  interruption. 

The  doping  concentration  of  the  GaAs  epitaxial  layers  was  measured  by  an  electrochemical  pro¬ 
filing  technique.  The  AlxGai.^As  thickness  and  composition  were  determined  by  x-ray  diffraction,  and 
the  As  cap  layer  thickness  was  verified  by  cross-sectional  scanning  electron  microscopy  (SEM). 


Table  1.  Parameters  of  As  cap  deposition/removal 


Wafer# 

As  deposition  conditions 

As  layer 

Storage 

Conditions 

RHEED  after 
As  desorption 

Substrate 

Temperature 

T  * 

Deposition 
Time  tg 

As  Species 

Thickness 

(A) 

Time 

(days) 

Ambient 

298 

90  “C 

15  min 

AS4 

n/d 

3 

UHV 

streaky  (2x4) 

313 

90  “C 

15  min 

AS4 

n/d 

7 

Air 

Streaky  (2x4) 

314 

36  °C 

15  min 

AS4 

n/d 

7 

Air 

streaky  (2x4) 

327 

50  “C 

15  min 

As2 

n/d 

4 

Air 

Streaky  (2x4) 

351 

33  °C 

60  min 

As4 

371 

4 

Air 

streaky  (2x4) 

367 

-1  "C 

60  min 

As4 

1400 

3 

Air 

streaky  (2x4) 

384 

0°C 

150  min 

As2 

23800 

3 

Air 

streaky  (2x4) 

n/d:  not  determined,  *  Thermocouple  reading 
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3.  Characterization  of  Electronic  Interface  Properties 


We  have  introduced  a  photoluminescence  power  spectroscopy  (PL-PS)  technique  as  a  standard  tool  to 
study  interface  recombination  velocity  S  and  to  monitor  the  interface  quality  during  device  fabrication. 
The  optoelectronic  PL-PS  method  comprises  the  measurement  of  the  photolumineseence  spectra  and  the 
integrated  intensity  IpL  over  a  wide  range  of  laser  excitation  power  density  Pq.  The  subsequent  analysis 
of  the  measured  Ipp  versus  Pq  is  based  on  a  numerical  Poisson  and  continuity  equation  solver  for  semi¬ 
conductor  heterostructures  and  provides  the  dependence  of  the  internal  quantum  efficiency  T|  on  Pq,  the 
recombination  velocity  S  and  related  quantities  of  interest  such  as  interface  state  density  Njj  (in  units  of 
cm"^)  [3],  The  technique  is  in  particular  advantageous  for  (i)  systems  with  relatively  small  band  discon¬ 
tinuities  such  as  Al^Gai.^As-GaAs  where  capacitance- voltage  measurements  are  impractical  or  incon¬ 
clusive  [3],  and  (ii)  semiconductors  with  a  small  effective  density  of  states  such  as  GaAs  (N^  =  4.7  x  lO'^ 
cm‘^).  The  latter  advantage  is  illustrated  in  Fig.  2  which  shows  a  simulated  PL  depth  profile  for  an 
AIq  QjGaQ jgAs-GaAs  structure.  Because  of  the  strong  degeneracy  of  the  0.2  p,m  thick  buffer  layer  and 
the  substrate  (Np  =  2  x  lO'*  cm'^),  the  PL  signal  emitted  from  the  structure  stems  primarily  (=  88%)  from 
the  lightly  doped  epitaxial  layer  and  substrate  effects  are  virtually  excluded.  Also,  the  impact  of  the  non- 
radiative  lifetime  of  the  epilayer  is  only  marginal.  Thus,  the  quantum  efficiency  depends  mainly  on  two 
parameters  only,  namely  (i)  the  radiative  lifetime  of  the  GaAs  epilayer,  and  (ii)  the  nonradiative  carrier 
lifetime  at  the  interface  [3].  The  first  parameter  is  easily  determined  from  the  doping  concentration  of  the 
epilayer  and  the  second  parameter  is  used  to  fit  the  simulated  results  to  the  measurement. 

The  standard  reference  structure  shown  in  Fig.  1(b)  is  designed  such  that  S  at  the  AlGaAs-GaAs 
interface  (dashed-dotted  line)  can  be  inferred  [3].  The  structure  depicted  in  Fig.  1(a)  exhibits  a  second 
interface  (dashed  line),  the  GaAs  homointerface  which  was  fabricated  using  the  As  cap  deposition/re¬ 
moval  process.  Since  the  homo-  and  heterointerfaces  in  Fig.  1(a)  are  separated  by  a  distance  which  is 


Fig.  2.  Simulated  PL  depth  profile  of  an 

Alo.6iGaQ29As-GaAs  structure.  The  GaAs 
surface  is  located  at  a  distance  of  100  nm. 


Fig.  3.  Internal  quantum  efficiency  as  a  function  of 
excitation  power  density.  The  symbols  show  the 
measurement  results;  the  dashed  lines  represent  the 
simulation  results  with  S  as  a  parameter.  The  symbols 
are  explained  in  Tab.  2. 
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much  shorter  than  the  minority  carrier  diffusion  length  (Luj,  £  5  nm),  both  interfaces  virtually  act  as  one 
source  of  interface  nonradiative  recombination  S.  Fig.  3  shows  the  measured  and  simulated  internal 
quantum  efficiency  ti  as  a  function  of  excitation  power  density  Pq’  .  The  excitation  wavelength  is  5 14.4 
nm.  Virtually  identical  results  (1000  <  S  <  1200  cm/s)  have  been  obtained  for  the  standard  reference 
structure  (diamonds)  and  the  structure  using  the  As  cap  deposition/removal  process  and  UHV  storage 
(circles).  This  clearly  indicates  that  the  GaAs  homointerface  is  of  better  quality  than  the  AlGaAs-GaAs 
heterointerface  in  this  case  and  device  performance  will  not  be  affected.  However,  the  GaAs  homointer¬ 
face  dominates  S  (>  10“*  cm/s)  for  all  structures  using  the  As  cap  deposition/removal  technique  and  air 
storage.  Neither  the  deposition  of  a  thicker  As  layer  of  up  to  2.38  (im  thickness  (triangles  left)  or  using 
As2  instead  of  AS4  (squares  and  triangles  left)  improved  the  homointerface.  The  corresponding  Njt  at  the 
GaAs  homointerface  for  the  latter  structures  is  higher  than  10*  *  cm"^.  The  uniformity  across  a  wafer  and 
the  wafer-to-wafer  reproducibility  are  also  affected  as  outlined  in  Table  2  which  summarizes  the  results 
of  the  interface  analysis.  Note  that  the  RHEED  patterns  observed  on  the  UHV  and  air  stored  samples 
were  virtually  identical  after  As  cap  desorption  indicating  identical  stmctural  surface  properties  such  as 
atomic  order  and  roughness. 


Table  2.  Electronic  interface  properties 


Wafer# 

Symbol 
in  Fig.  3 

S  (cm/s) 

Nj,  (cm‘^) 

Uniformity 

Comments 

309 

Diamond 

1000  -  1200 

10“  range 

±2% 

In-situ  reference 

298 

Circle 

1000  -  1200 

10*  range 

+  2% 

As  cap,  UHV 

313 

Triangle  up 

=  5x  10“ 

>  lO" 

±20% 

As  cap.  Air 

314 

Triangle  down 

sio“ 

>10“ 

±20% 

As  cap,  Air 

327 

Square 

s5x  10“ 

>10“ 

±20% 

As  cap.  Air 

351 

Plus 

=  5x10“ 

>  10“ 

±20% 

As  cap.  Air 

367 

Triangle  right 

sio“ 

sio“ 

±20% 

As  cap.  Air 

384 

Triangle  left 

sio’ 

>io“ 

±20% 

As  cap,  Air 

4.  Conclusions 

In  conclusion,  the  As  cap  deposition/removal  process  and  storage  in  air  causes  significant  degradation 
(Njt  >  10**  cm'^)  of  the  electronic  interface  properties  of  GaAs  homointerfaces  although  identical, 
streaky  RHEED  pictures  have  been  observed  for  wafers  stored  in  UHV  or  tur.  Thus,  the  impact  on  elec¬ 
tronic  interface  properties  needs  to  be  considered  when  designing  electronic  or  optoelectronic  devices 
using  the  As  cap  deposition/removal  process. 
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Abstract.  Compositional  control  of  precipitate  position  by  preferential  precipitation  in  a  GaAs  well 
sandwiched  between  low-temperature  grown  AlGaAs  arsenic  supply  layers  is  examined  for  single-electron 
tunneling  applications,  where  closely  spaced  particles  a  few  nanometers  in  diameter  are  required.  Control  of 
small  particles  formed  at  low  annealing  temperatures  where  positional  control  is  expected  to  be  more  difficult 
is  examined.  The  use  of  a  superlattice  supply  layer  to  intentionally  increase  the  arsenic  diffusion  from  the 
AlGaAs  into  the  GaAs  well  is  also  examined.  The  results  suggest  useful  directions  for  realizing  controlled 
precipitation  at  scales  of  interest  for  single-electron  tunneling  applications. 


1.  Introduction 

Nanometer-scale  arsenic  particles  can  be  formed  in  GaAs  by  molecular  beam  epitaxy  at  low  growth 
temperatures  and  subsequent  high  temperature  annealing  [1,2].  It  has  been  shown  that  the  position  of 
particles  in  the  growth  direction  can  be  controlled  by  composition  while  the  lateral  position  can  he 
controlled  by  strain  produced  by  a  surface  stress  structure.  One-dimensional  arrays  of  arsenic  particles 
have  recently  been  demonstrated  by  combining  these  effects  in  a  patterned  self-assembly  process  [3]. 

We  are  studying  applications  of  this  self-assembly  technique  to  the  fabrication  of  single-electron 
tunneling  devices  in  which  the  arsenic  particles  serve  as  small  metallic  islands  separated  by  GaAs 
tunneling  barriers.  For  such  applications,  closely  spaced  particles  a  few  nanometers  in  diameter  are 
required,  which  is  one  order  of  rnagnimde  smaller  than  used  in  Ref  [3].  In  this  paper,  we  focus  on 
issues  concerning  the  effectiveness  of  compositional  control  for  these  applications.  First,  we  examine 
the  use  of  an  arsenic  supply  layer  comprised  of  an  AlGaAs/GaAs  superlattice  (SL)  to  intentionally 
increase  the  diffusion  of  arsenic  into  the  GaAs  well.  This  experiment  follows  up  on  a  previous  report  by 
Melloch  et  al  for  a  short-period  (5  nm)  AlGaAs/GaAs  LT  superlattice  layer  in  which  virtually  no 
precipitates  formed  [4].  Those  authors  suggested  that  precipitation  is  energetically  unfavorable  in  such  a 
SL  because  the  layer  thicknesses  are  less  than  the  critical  size  for  nucleation  and  that  this  leads  to  the 
diffusion  of  arsenic  to  adjacent  layers.  Second,  we  examine  control  of  small  particles  (~  4  nm).  The 
diameter  of  arsenic  precipitates  in  GaAs  decreases  with  decreasing  annealing  temperature  [4].  At  the 
same  time,  the  control  of  precipitate  position  is  expected  to  be  weaker  at  lower  temperatures,  due  to  the 
rapid  decrease  in  the  diffusion  coefficient.  Hence,  in  this  case  we  examine  compositional  control  as  a 
function  of  annealing  time. 


2.  Film  Growth  and  Analysis  Techniques 

The  films  used  in  this  work  were  grown  in  a  Varian  GEN.  II  MBE  system  on  a  two-inch  diameter 
substrate.  The  grown  rates  were  typically  0.15  nm/hr  and  0.27  )j,m/hr  for  GaAs  and  AlGaAs, 
respectively.  The  ratio  of  group  V  to  group  III  beam  equivalent  pressures  used  was  36,  as  measured 
with  an  ion  gauge  at  the  substrate  growth  position.  A  200  nm  thick  epi-GaAs  buffer  layer  was  first 
grown  to  eliminate  the  defects  from  the  substrate.  Then,  MBE  grown  structures  containing  three  200  "C 
low-temperature  (LT)  layers:  200  nm  of  AlGaAs,  10  nm  of  GaAs,  and  50  nm  of  AlGaAs;  followed  by  a 
thin  InGaAs  cap  grown  at  450  "C.  For  our  purposes,  the  low  temperature  grown  AlGaAs  layers  serve  as 
"arsenic  supply  layers"  for  the  thin  GaAs  well  where  preferential  precipitation  is  desired.  Samples  were 
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capped  by  a  SiN  layer  deposited  at  350  °C  by  chemical  vapor  deposition  and  annealed  at  high  temperature 
in  the  ambient  of  nitrogen  and  forming  gas.  Rapid  thermal  anneals  (RTA)  and  furnace  (quartz  tube) 
anneals  were  used  for  the  short-time  anneal  and  long-time  anneal,  respectively.  The  distribution  of 
arsenic  precipitates  in  the  structure  was  examined  by  transmission  electron  microscopy  (TEM)  in  <1 10> 
cross  section.  The  specimens  were  prepared  by  mechanical  polishing,  dimpling,  and  then  standard  Ar 
milling  until  perforation.  All  samples  were  examined  in  Philips  CM20  and  EM430  electron  microscopes. 


3.  Results  and  Discussion 

Precipitation  in  a  structure  with  5  nm  period  Al^gGa^jAs/GaAs  SL  supply  layers  was  compared  to  that  in 
a  control  structure  with  uniform  Alo4Gao5As  supply  layers  after  an  850  “C  /  30  s  anneal.  The  mole 
fraction  in  the  SL  supply  layer  was  chosen  to  provide  the  same  average  mole  fraction  as  the  uniform 
supply  layer.  The  cross-sectional  <110>  TEM  image  for  the  uniform  supply  layer  sample  in  Eig.  1(a) 
shows  precipitate-free  regions  ~40  nm  wide  around  the  GaAs  well  and  a  strong  preferential  precipitation 
in  the  well.  In  contrast,  no  precipitate-free  regions  were  found  in  the  SL  structure,  as  shown  in  Eig. 
1(b).  The  precipitate  distribution  is  uniform  with  a  high  density  of  As  precipitates  formed  in  the 
AlGaAs/GaAs  SL  supply  layer  beneath  the  well,  in  contrast  to  earlier  results  for  similar  SL  layers.  A 
possible  cause  for  the  difference  between  the  two  sets  of  results  is  the  higher  AlAs  mole  fraction  in  the 
present  superlattice  (AlggGagjAs  vs  Alg^Ga^^As).  Because  of  the  high  mole  fraction,  arsenic  diffusion 
into  the  well  may  be  suppressed  in  our  SL  by  a  competing  mechanism  whereby  the  Al^  gGa^  jAs  layers 
act  as  arsenic  diffusion  barriers  [5].  If  this  is  the  case,  SL  supply  layers  with  an  optimal,  lower  AlAs 
mole  fraction  should  be  useful  in  obtaining  the  desired  enhancement  in  preferential  precipitation. 


Fig.  1  Cross-sectional  TEM  showing  precipitate  distribution  for  a  GaAs  well  surrounded  by  (a)  uniform  Al„4Ga,|  jAs 
supply  layers  and  (b)  Al„j,Ga„3As  /  GaAs  superlattice  supply  layers.  Both  structures  have  the  same  average  composition. 
The  annealing  cycle  was  850  “C  /  30  s. 
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Fig.  2  (a)  Cross-sectional  TEM  showing  preferential  precipitation  in  a  GaAs  well  surrounded  by  AlnjGanjiAs  supply  layers 
for  an  annealing  cycle  of  600  ”C  /  30,000  s.  Histograms  showing  the  effect  of  annealing  time  on  the  precipitate 
distribution.  The  annealing  time  is  600  "C  for  (b)  30  seconds  and  (c)  30,000  s. 


In  the  second  experiment,  samples  were  annealed  at  a  low  temperature  of  600  "C,  where  small 
precipitates  with  diameters  of  approximately  4  nm  form.  Precipitate  profiles  were  compared  for  30  and 
30,000  s  anneals.  In  contrast  to  the  strong  compositional  control  seen  in  Fig.  1(a)  for  large  precipitates 
(~  14  nm)  formed  after  a  30  s  anneal  at  850  "C,  only  a  weak  control  was  observed  for  30  s  at  600  "C,  as 
shown  in  the  histogram  of  Fig.  2(b).  Increasing  the  annealing  time  by  a  factor  of  1000,  however, 
produces  a  significant  improvement  in  preferential  precipitation,  as  shown  in  the  histogram  and  the 
<110>  cross-sectional  TEM  image  in  Figs.  2  (a)  and  (c).  These  results  demonstrate  that  strong 
compositional  control  can  be  obtained  for  small  precipitates  formed  at  low  annealing  temperatures, 
provided  that  the  annealing  time  is  sufficiently  long. 

Some  comparisons  can  be  made  between  the  diffusion  lengths  involved  in  these  experiments  and 
those  estimated  from  earlier  work.  Diffusion  in  these  structures  is  a  complicated  process  in  that  LTG 
GaAs  and  AlGaAs  results  in  the  incorporation  of  a  high  density  of  vacancies  and  other  defects  with 
concentrations  greatly  exceeding  equilibrium  values  in  addition  to  the  large  fraction  of  arsenic  antisite 
defects.  These  enhance  the  diffusion  process  in  LTG  III-V  materials  and  affect  the  rate  of  excess  arsenic 
clustering.  In  addition,  due  to  the  annihilation  of  the  supersaturated  vacancies  during  the  anneal,  the 
density  of  vacancies  decreases  with  time.  Thus,  there  is  strong  time  dependence  for  the  diffusion 
mechanism  for  the  LTG  III-V  materials.  The  time-  and  temperature-dependent  diffusion  length  L,,  for 
the  interdiffusion  of  A1  and  Ga  described  by 


Ld  (0  =  T>i  t  exp  (-//„/ kg 


r) 


1  -  exp 


has  been  estimated  from  experimental  data  for  interdiffusion  in  nonstoichiometric  AlAs/GaAs  quantum 
wells  [6,7].  In  the  above  formula,  D,  is  the  diffusion  constant  contributed  from  the  supersaturated 
concentration  of  group  III  vacancies,  l/x  is  the  rate  for  the  annihilation  of  the  supersaturated  vacancies, 
and  is  the  migration  enthalpy  for  the  group  III  vacancies.  According  to  Lahiri  et  al  observations  [6], 
has  a  value  of  1. 8+0.2  eV.  Fitting  their  data  with  a  temperature  dependent  T  and  teraperamre 
independent  D,  we  obtain  :  Dj  =  9.65x10  *  cmVs  and  x  =  184  seconds  at  T  =  600  °C  and  x  =  43  seconds 
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at  T  =  850  “C.  Although  D,  would  be  different  in  the  case  of  As  antisite  diffusion,  the  diffusion  length 
for  As  antisites  should  have  a  proportional  relationship  with  Lp  since  the  diffusion  of  arsenic  antisites 
during  arsenic  precipitation  is  also  dominated  by  the  motion  of  group  III  vacancies.  Using  the  formula 
of  Lp,  the  ratio  of  Lp(600  ”C,  30,000s)  /  Lp(850  °C,  30s)  is  found  to  be  0.2,  meaning  that  the  diffusion 
lengths  of  excess  arsenic  for  the  600  °C  /  30,000s  case  would  be  expected  to  be  about  1/5  of  that  for  the 
850  “C  /  30s  case.  While  an  accurate  quantitative  estimate  of  diffusion  lengths  is  not  possible  from  our 
experimental  data,  comparison  of  Figs.  1  (a)  and  2  (a)  and  of  the  histograms  for  the  two  cases  indicates 
that  this  estimate  is  in  line  with  our  results. 


4.  Conclusion 

We  have  examined  compositional  control  of  precipitate  position  by  preferential  precipitation  in  a  GaAs 
well  sandwiched  between  low-temperature  grown  AlGaAs  arsenic  supply  layers  for  potential  use  in 
fabricating  closely  spaced  particles  a  few  nanometers  in  diameter.  Our  results  show  that,  despite  the 
reduced  diffusion  at  low  annealing  temperatures,  strong  compositional  control  can  be  obtained  for  small 
precipitates  provided  that  the  annealing  time  is  sufficiently  long.  This  suggests  that  it  should  be  possible 
to  scale  self-assembly  processes  based  on  controlled  precipitation  to  the  small  particle  regime.  It  was 
found  that  a  superlattice  containing  high  AlAs  mole-fraction  layers  is  not  effective  as  an  arsenic  supply 
layer,  apparently  because  of  the  reduced  arsenic  diffusion  through  high  mole-fraction  barriers.  The 
desired  enhancement  in  preferential  precipitation  may  be  possible,  however,  with  optimized  superlattice 
parameters. 
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GaAs  Surface  Passivation  with  MBE  Grown  GaS  Thin  Film 
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Abstract.  We  report  on  the  successful  GaAs  surface  passivation  with  GaS  thin  film  grown  by  MBE 
employing  the  single  precursor,  tertiarybutyl-galliumsulfide-cuhane  ([(t-Bu)GaS]4).  GaAs  bandgap  PL 
intensity  increased  by  passivating  with  GaS  and  has  been  maintained  for  a  year.  Furthermore,  we  investigated 
the  relationship  between  the  interface  state  density  and  the  GaAs  surface  reconstruction  before  GaS 
passivation.  The  PL  intensity  for  c(4x4)As  was  largest  among  the  surface  reconstructions  investigated.  Also, 
a  minimum  interface  state  density  as  low  as  5xl0'°  eV'cm'*  was  obtained  for  an  Al/GaS/n-GaAs  MIS 
structure  of  c(4x4)As.  In  addition,  we  demonstrated  the  feasibility  of  GaS  passivation  for  device  applications. 

1.  Introduction 

In  the  field  of  m-V  compound  semiconductors,  MISFETs  such  as  Si  MOS  devices  have  not  yet 
been  made  practical.  This  is  caused  by  the  poor  quality  of  insulator/semiconductor  structures  because 
of  a  large  state  density  that  is  generated  at  the  interface.  Therefore,  although  GaAs  has  a  high  potential, 

1. e.,  a  higher  electron  mobility  than  Si,  it  is  not  enough  to  draw  performance  in  the  views  of  power 
consumption  and  circuit  integration.  Hence,  trials  to  reduce  the  interface  state  density  were  performed 
using  various  methods  [1-3].  Among  them,  cubic  GaS  near-epitaxially  grown  on  GaAs  using  the 
single  precursor,  tertiarybutyl-galliumsulfide-cubane  ([(t-Bu)GaS]4) ,  by  MOCVD  is  an  attractive 
passivation  material  [4-6].  However,  the  vapor  pressure  of  the  precursor  is  very  low,  and  the 
sublimation  temperature  of  225°C  is  too  high  for  the  precursor  of  MCX3VD.  Therefore,  we  regard  MBE 
as  superior  to  MOCVD  for  GaS  growth  on  GaAs  using  this  precursor.  In  this  paper,  we  report  on  the 
successful  GaAs  surface  passivation  with  MBE  grown  GaS  thin  film  employing  the  single  precursor. 
Furthermore,  we  demonstrate  the  feasibility  of  GaS  passivation  for  device  applications. 

2.  Experiment 

Our  equipment  consisted  of  a  conventional  MBE  and  our  own  designed  gas  handling  system.  The 
single  precursor,  [(t-Bu)GaS]4,  which  is  a  stable  white  powder,  was  loaded  in  a  PBN  crucible.  We 
used  an  (NH4)2S,  solution  for  ex-situ  S-termination.  Furthermore,  trisdimethylaminoarsine  (TDMAAs) 
and  bisdimethylaminochloroarsine  (BDMAAsCl)  were  used  as  GaAs  surface  cleaning  gasses.  We  also 
used  ditertiaiybutylsulfide  (DTBS)  as  the  in-situ  S-terminating  gas.  We  used  epiready  GaAs  (100) 
substrates  and  MOCVD  grown  n-GaAs  epitaxial  layers.  During  GaS  growth,  the  substrate  temperature 
(Ts)  was  kept  at  400  to  420  °C  and  the  cell  temperature  was  70  to  120°C.  The  GaS  growth  rates  were 
30  to  50  nm/h.  We  observed  the  GaAs  surface  reconstructions  by  RHEED.  GaS/undoped  GaAs 
structures  were  evaluated  by  PL  measurements  at  room  temperature  (RT).  We  estimated  the  interface 
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state  density  of  Al/GaS/n-GaAs  MIS  structures  by  Terman's  method  [7]  of  the  100  kHz  C-V 
characteristics  at  RT. 


Thermal  cleaning  . 
without  As 


3.  Results  and  Discussion 

3 . 1  Long-term  stability  of  GaAs  bandgap  PL  intensity  of  GaS  passivated  GaAs 

First,  we  used  (NH4)jS,  pre-treated  (55  *C,  15  minutes)  and  untreated  GaAs  semi-insulating 
substrates.  GaS  films  were  grown  on  these  wafers  after  being  heated  in  the  growth  chamber  without 
As  overpressure  at  a  Ts  of  575°C  for  10  minutes.  Figure  1  shows  the  long-term  stability  of  the  GaAs 
bandgap  PL  intensity  of  90  nm-thick  GaS/undoped  GaAs.  By  passivating  with  GaS,  the  PL  intensity 
increased  about  40  and  20  times,  for  (NH4)2S,j  ^  ^ 

pre-treatment  and  only  thermal  cleaning  without  As,  L. _ »  *  p^voatad : 

^  22  I ,  •  •  ^  ^  ^  2  °  • 

respectively,  compared  with  that  of  untreated  “  — d-b“° — °  □  ,  ,  , 

^  ^  Thermal  cleaning  _ 

GaAs.  This  indicates  that  GaS  passivation  1  *  witiioutAs 

suppresses  non-radiative  recombination  due  to  the  “■  *a**a***a  °as-retnoved  . 

interface  state.  Furthermore,  the  PL  intensity  of  =  r . uiltieatedVaAaiiitevito . 7 

GaS-passivated  GaAs  has  not  been  seen  to  degrade  a  ms  nm  • 

over  the  period  of  a  year.  However,  the  PL  0.1  I  . . ^ 

0  3  6  9  12  15  18 

intensity  of  GaS-removed  GaAs  gradually  cas  passivation  (months) 

degraded.  These  results  imply  that  GaS  is  a  pig.  l.  GaAs  PL  intensity  of  GaS/GaAs  structures. 

,  ,  .  .  PL  intensity  is  normalized  to  that  of  untreated  GaAs. 

long-term,  stable  passivation  matenal  for  GaAs. 

By  Terman’s  method,  the  interface  state  density  of  a  MIS  structure  for  thermal  cleaning  without  As 
was  estimated  to  be  2xl0"  eV'cm'^  near  the  GaAs  midgap.  However,  this  value  is  still  too  large  to  be 
applicable  to  MISFETs.  According  to  SIMS  analysis,  a  high  density  (mid  lO'^  cm'^)  of  impurities 
(especially  oxygen)  existed  at  the  interface  of  a  GaS/GaAs  structure  for  thermal  cleaning  without  As. 
As  a  result,  the  residual  impurities  interfered  with  the  reduction  of  the  interface  state  density. 

So  far,  we  performed  GaAs  surface  cleaning  by  TDMAAs  and  BDMAAsCl  [8].  In  this  case, 
wafers  were  cleaned  at  a  Ts  of  SOO’C  using  0.5  seem  TDMAAs  for  15  minutes.  After  TDMAAs 
cleaning,  the  wafers  were  etched  by  a  gas  mixture  of  0. 1  seem  BDMAAsCl  and  0.4  seem  TDMAAs  at 
a  Ts  of  500°C  for  five  minutes,  corresponding  to  an  etching  depth  of  about  5  nm.  This  method  can 
reduce  the  interfacial  oxygen  density  of  a  GaS/GaAs  structure  by  two  orders  of  magnimde  over  thermal 
cleaning  without  As. 


Untreated  GaAs  substrate 


0  3  6  9  12  15  18 

Time  after  GaS  passivation  (months) 

Fig.  1.  GaAs  PL  intensity  of  GaS/GaAs  structures. 

PL  intensity  is  normalized  to  that  of  untreated  GaAs. 


3.2  Relationship  between  interface  state  density  and  GaAs  surface  reconstruction 

After  cleaning  GaAs  surfaces  by  TDMAAs  and  BDMAAsCl,  we  controlled  the  GaAs  surface 
reconstructions  such  as  c(4x4)As,  (2x4)As,  and  (2xl)S  using  TDMAAs  and  DTBS.  We  wiU  describe 
the  details  of  the  preparation  methods  for  surface  reconstruction  elsewhere  [9].  Figure  2  shows  the 
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surface  reconstruction  dependence  of  the  GaAs  bandgap  PL  intensity  of  GaS/undoped  GaAs 
structures.  The  relative  PL  intensity  was  plotted  after  normalizing  to  the  maximum  PL  intensity  of  an 
untreated  GaAs  substrate.  We  observed  that  the  PL  intensity  for  c(4x4)As  was  the  largest  among  the 
surface  reconstructions  we  investigated.  We  had  expected  that  in-situ  S-terrmnation  would  increase  the 
PL  intensity  the  most,  because  S  molecules/atoms  generated  from  DTBS  must  passivate  the  GaAs 
surface  more  completely  than  GaS  molecules  generated  from  [(t-Bu)GaS]4.  However,  the  in-situ  S 


termination  by  DTBS  did  not  further  improve  the  PL 
intensity. 

Next,  we  fabricated  an  Al/GaS/n-GaAs  MIS 
structure  on  MOCVD  grown  n-GaAs  layers  (500  nm, 
9xl0‘*  cm'^).  The  GaS  thickness  was  50  nm,  and  the 
capacitor  area  was  3.14x10'*  cm^.  Figure  3  shows  the 
high-frequency  C-V  characteristics  of  the  MIS  stmcture 
for  c(4x4)As.  The  solid  and  dashed  lines  show  the 
experimental  data  and  an  ideal  curve,  respectively.  We 
obtained  an  interface  state  density  as  low  as  5xl0'“ 
eV'cm'^  near  the  midgap  for  c(4x4)As.  Whereas,  for 
(2x4)As,  it  was  1.8x10"  eV'cm’l  Apparently  the 
optimum  surface  reconstruction  was  c(4x4)As.  These 
results  correspond  to  the  PL  results  shown  in  Figure  2. 
Also,  the  surface  potential  calculated  from  the 
capacitance  at  a  zero  bias  voltage  was  about  50  meV  at 
the  depletion,  which  implies  a  very  small  band-bending 
due  to  the  elimination  of  Fermi  level  pinning  at  the 
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Fig.  2.  Dependence  of  PL  intensity  for  GaS/undoped  GaAs 
on  surface  reconstructions  before  GaS  passivation. 
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Rg.  3.  100  kHz  C-V  characteristics  of  Al/GaS/n-GaAs 

3.3  GaS/GaAs  MISFET  mis  structure  for  c(4x4)As. 

The  bandgap  of  MOCVD  grown  GaS  was  reported  to  be  above  3.5  eV  [6].  We  fabricated  a 
GaS/GaAs  MISFET  to  confirm  the  effects  of  GaS  passivation.  The  surface  reconstmction  of  the 
MESFET  stmcture  before  the  GaS  growth  was  controlled  to  be  c(4x4)As.  We  grew  a  25  nm-thick  GaS 
film  on  a  MOCVD  grown  MESFET  wafer,  which  consisted  of  an  n-GaAs  active  layer  (160  nm,  3x10* 
cm'^)  and  an  undoped  AlGaAs  buffer  layer.  The  sheet  resistance  of  the  MESFET  wafer  was  determined 
to  be  1.6  k £2/ □  by  eddy  current  measurements.  By  passivating  with  GaS,  the  sheet  resistance 
decreased  to  1  kG/D.  This  was  attributed  to  the  remarkable  reduction  of  the  depletion  layer  width  from 
the  surface.  We  fabricated  a  MISFET  and  a  MESFET  with  the  same  process  for  a  direct  comparison. 
These  FETs  consisted  of  a  WSi  gate  and  source/drain  contacts  formed  by  alloyed  AuGe/Au.  The  gate 
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widths  were  10  nm  and  the  gate  lengths  were  0.8  |im.  The  gate  tum-on  voltage  (Vf),  which  is  defined 
as  the  voltage  at  which  the  leakage  current  density  exceeds  1  )tA/|im,  was  0.4  V  for  the  MESFET. 
However,  the  Vfof  the  MISFET  increased  up  to  1.4  V.  Figure  4  shows  the  drain  current  versus 
drain-source  voltage  characteristics  of  the  MISFET 
and  the  MESFET.  The  gate  bias  (Vg)  was  varied 
from  0  to  -3  V  in  0.5  V  steps.  The  threshold 
voltage  (Vth)  of  the  MISFET  was  -2.7  V,  while  that 
of  the  MESFET  was  -1.5  V.  The  both 
transconductances  were  60  to  70  mS/irnn.  The 
saturated  drain  current  of  the  MISFET  at  a  Vg  of  0 
V  was  larger  than  that  of  the  MESFET,  and  did  not 
change  even  when  increasing  Vg  to  a  forward 
voltage.  This  result  is  further  evidence  that  the 
surface  band-bending  was  flat. 

Fig.  4.  Drain  current  vs.  drain-source  voltage  characteristics 

,  ^  .  of  GaS/GaAs  MISFET  and  GaAs  MESFET. 

4.  Conclusion 

We  demonstrated  a  successful  GaAs  surface  passivation  with  MBE  grown  GaS  thin  film  using  the 
single  precursor,  [(t-Bu)GaS]4.  By  GaS  passivation,  the  GaAs  bandgap  PL  intensity  increased  and  has 
remained  steady  for  a  year.  Among  the  various  GaAs  surface  reconstruetions  before  GaS  passivation, 
the  highest  PL  intensity  and  the  lowest  interface  state  density  (5xl0'°  eV'cm'^)  were  obtained  with 
c(4x4)As.  Furthermore,  we  demonstrated  the  feasibility  of  GaS  passivation  for  device  applications. 
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Abstract.  A  reaction  model  for  the  epitaxial  growth  of  GaAs  by  chemical  beam  epitaxy  using 
triethylgallium  and  tris(dimethylamino)  arsine  is  presented.  The  model  is  developed  by  properly  combining 
surface  decomposition  mechanisms  of  the  two  metalorganic  species.  Computer  simulations  based  on  the 
model  are  carried  out  to  make  comparison  with  the  experimental  observations  for  this  growth  system.  The 
model  is  shown  to  provide  very  good  agreement  with  the  growth  kinetics  observed. 


1.  Introduction 

The  mechanism  of  GaAs  growth  using  the  ultra-high  vacuum  (UHV)  technique  of  metalorganic 
molecular  beam  epitaxy  (MOMBE)  with  solid  arsenic  and  triethylgallium  (TEGa)  has  been  extensively 
investigated  in  recent  years.  Robertson  et  al.  [1]  proposed  a  stepwise  mechanism  for  TEGa 
decomposition,  estimated  the  relative  magnitudes  of  the  kinetic  parameters,  and  fitted  these  parameters 
to  observed  GaAs  growth  rates.  The  data  for  the  incident  flux  in  monolayer  per  second  (ML/s) 
corresponding  to  one  mass  flow  controller  (MFC)  setting  was  obtained  by  including  the  flux  as  a 
fitting  parameter  along  with  the  kinetic  parameters.  The  incident  fluxes  at  other  flow  rates  were  then 
derived  by  scaling  as  were  done  experimentally.  Donnelly  and  Robertson  [2]  extended  Robertson's 
previous  model  by  including  new  reactions  and  Arrhenius  parameters  reported  in  UHV  studies.  Foord 
et  al.  [4-6]  developed  a  numerical  model  of  GaAs  MOMBE  growth  with  TEGa  and  ASj.  Their  model 
included  physical  effects,  which  had  been  partially  or  totally  neglected  in  earlier  studies,  involving  site¬ 
blocking  effects,  lateral  interactions  between  adsorbed  species  and  a  role  for  chemisorbed  As  in 
inhibiting  growth.  The  most  important  criterion  used  by  them  in  the  determination  of  the  kinetic 
parameters  for  TEGa  decomposition  was  that  they  simulate  satisfactorily  the  temperature  programmed 
desorption  (TPD)  and  other  experimental  surface-science  data  of  Murrell  et  al.  [4] 

Tris(dimethylamino)  arsine  (TDMAAs)  is  believed  to  be  a  promising  alternative  to  the  toxic, 
gaseous  arsine  [7].  Epitaxy  of  III-V  semiconductors  with  TDMAAs  has  shown  that  it  possesses  unique 
and  superior  characteristics  for  lowering  background  carbon  incorporation,  improving  electrical 
properties  of  semiconductors  and  in  situ  etching  [8-9].  In  this  paper  we  report  a  reaction  model  of 
chemical  beam  epitaxy  of  GaAs  with  TEGa  and  TDMAAs. 


2.  Triethylgallium  and  Tris(dimethylamino)  arsine  surface  decomposition 

The  reactions  chosen  to  describe  TEGa  decomposition  on  a  GaAs(lOO)  surface  and  assumptions  in 
chemical  physics  for  deriving  reaction  rates  are  identical  to  those  outlined  by  Foord  et  al.  [6].  The 
arguments  presented  by  them  for  developing  their  model  were  based  on  surface  spectroscopic  data. 
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The  coverage  terms  for  reactions  (4)  and  (6)  of  their  report  are  modeled  as  0oo6E/(l-6DECa)  and  GpoCl- 
e)/(l-e;,Ec,)  in  our  model  respectively,  where  0^,,  and  0^0  are  dimensionless  surface  coverage  [10- 
11]  of  ethyl  radicals,  DEGa  and  nearest  neighbor  pairs  formed  by  adsorbed  DEGa  and  non-DEGa 
species  respectively  with  0  being  the  dimensionless  total  surface  coverage.  The  reaction  kinetic 
parameters  for  TEGa  decomposition  are  taken  from  their  report  [6],  which  were  derived  from 
temperature  programmed  desorption  data  of  TEGa. 

Shi  and  Tu  [7]  recently  reported  a  kinetic  model  for  TDMAAs  decomposition  on  a  Ga(lOO) 
surface.  They  demonstrated  that  the  model  can  explain  well  the  behavior  of  desorption  data  from 
surface  science  studies  of  TDMAAs  thermal  decomposition  on  a  GaAs(lOO)  surface.  The  kinetic 
parameters  were  derived  based  on  TPD  data  reported  in  literature.  The  kinetic  model  is  incorporated 
into  the  reaction  model  we  are  reporting. 


3.  Reaction  schemes  for  TEGa  and  TDMAAs  interactions  on  GaAs  surfaces 

Co-dosing  experiments  carried  out  by  Salim  et  al.  [13]  with  TDMAAs  and  trimethylgallium  or 
deuterium-labeled  trimethylgallium  (Ga(CDp^)  revealed  that  methane  and  methylarsenic  were  major 
reaction  products  in  addition  to  nitrogen-containing  species,  specifically  methylmethyleneimine 
(H,C=NCH3)  and  dimethylamine  (HN(CH,)j).  Since  the  recombination  reaction  of  an  ethyl  radical 
with  a  hydrogen  atom  is  included  in  the  TEGa  decomposition  model,  the  effect  of  TDMAAs  as  a 
hydrogen  atom  provider  on  GaAs  growth  is  thus  explicitly  taken  into  account  with  the  TDMAAs 
decomposition  model  we  developed.  Evidence  of  desorption  of  ethyl-arsenic  radicals  was  found  using 
mass  spectroscopy  during  GaAs  growth  with  TEGa  [14],  but  these  species  were  present  in 
concentrations  several  orders  of  magnitude  lower  than  ethylene  (CjH^).  Reactions  between  adsorbed 
arsenic  atoms  and  ethyl  radicals  are  ignored  in  our  model. 

Before  Salim  et  al.'s  work  [13],  it  had  been  hypothesized  that  CBE  GaAs  growth  with  TMGa 
and  TDMAAs  involves  a  simple  transfer  of  methyl  from  TMGa  to  the  dimethylamine,  leading  to  the 
formation  of  the  stable  compound,  trimethylamine  (HNfCH,),).  But  no  trimethylamine  was  detected  as 
a  surface  reaction  product  in  their  experimental  investigation.  Based  on  their  finding  we  suppose  that 
interactions  between  dimethylamino  ligands  of  TDMAAs  and  TEGa  or  its  decomposition  products 
including  ethyl  radicals  are  not  important  and  assumed  not  to  occur. 

The  GaAs  growth  rate  is  equated  to  the  rate  at  which  adsorbed  TEGa  species  become  converted 
to  surface  Ga.  It  is  also  assumed  in  our  model  that  with  every  Ga  atom  incorporated  into  the  lattice  of 
a  substrate,  an  adsorbed  arsenic  atom  is  also  incorporated  into  the  lattice,  yielding  an  empty  surface 
site.  Apart  from  the  role  as  a  provider  of  surface  hydrogen  atoms  which  TDMAAs  species  play,  they 
affect  the  growth  rate  also  by  occupying  surface  sites  and  therefore  inhibiting  TEGa  adsorption  and 
decomposition  processes.  TDMAAs  decomposition  is  also  dependent  on  the  growth  rate  since  Ga 
incorporation  into  the  lattice  depletes  adsorbed  arsenic  atoms  and  TDMAAs  surface  decomposition 
critically  depends  on  the  number  of  surface  sites  available. 


4.  Simulation,  experiment  and  comparison 

Experimental  growth  rates  were  measured  by  means  of  in  situ  intensity  oscillations  of  reflection  high- 
energy  electron  diffraction  (RHEED).  In  our  experiment,  TEGa  is  introduced  into  the  growth  chamber 
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through  a  vapor  source  mass  flow  controller,  while  TDMAAs  is  carried  by  hydrogen  and  injected  into 
the  chamber  through  a  leak  valve.  Detailed  experimental  procedures  have  been  reported  elsewhere  [8]. 
The  absolute  TDMAAs  fluxes  in  ML/s  were  determined  by  measuring  group-V  induced  growth  rates 
when  the  substrate  temperature  was  somewhere  between  420  °C  and  470  °C.  The  incident  flux  of 
TEGa  in  ML/s  corresponding  to  one  flow  rate  was  obtained  by  treating  the  flux  as  a  fitting  parameter 
to  reproduce  the  profile  of  growth  rate  vs.  substrate  temperature,  while  incident  fluxes  at  other  flow 
rates  were  then  calculated  by  means  of  linear  scaling. 

Fig.  1  shows  the  simulated  variation  of  the  growth  rate  with  the  substrate  temperature 
corresponding  to  the  growth  conditions  of  Tu  et  al.  [8].  Also  displayed  are  the  experimental  data 
points  reported  by  them.  The  TDMAAs  flux  used,  1.7  ML/s,  was  read  from  Fig.  4  of  their  paper.  An 
incident  flux  of  1.45  ML/s  corresponding  to  TEGa  MFC  setting  at  0.5  seem  was  found  to  agree  well 
with  the  experimental  data.  As  described  above,  the  kinetic  parameters  of  this  reaction  model  were  all 
obtained  based  on  data  from  surface-science  desorption  studies.  Yet,  with  the  TEGa  incident  flux  as 
the  only  adjusting  parameter,  variation  of  the  GaAs  growth  rate  with  the  substrate  temperature  is 
reproduced. 

Fig.  2  gives  simulated  growth  rates  under  a  different  set  of  incident  fluxes  of  TEGa  and 
TDMAAs.  The  TDMAAs  ML/s  flux,  0.79  ML/s,  was  determined  experimentally  as  discussed  above. 
With  TEGa  MFC  setting  at  0.3  seem,  a  linear  scaling  gives  us  the  value  of  the  absolute  TEGa  incident 
flux,  which  is  0.87  ML/s.  We  can  see  from  Fig.  2  that  even  without  any  adjustable  parameters,  the 
simulated  growth  rate  as  a  function  of  substrate  temperature  agrees  very  well  with  the  experimental 
data. 


T  emperalure  ("C) 

Fig.  1.  growth  rate  as  a  function  of  substrate 
temperature.  TEGa  =  0.5  seem  and  TDMAAs  =  1.7 
ML/s 


Temperature  ("C) 

Fig.  2.  growth  rate  as  a  function  of  substrate 
temperature.  TEGa  =  0.3  seem  and  TDMAAs  =  0.79 
ML/s. 


Fig.  3  displays  coverage  of  surface  species  under  incident  fluxes  of  Fig.  1.  The  surface 
coverage  of  the  parent  molecules  (TEGa  and  TDMAAs)  is  very  small  because  they  dissociate 
immediately  once  chemisorbed  onto  a  GaAs(lOO)  surface.  The  intermediate  decomposition  products 
GafCjHjjj  and  AsfNjCHjjjjj  also  decompose  quickly  and  thus  exhibit  small  surface  concentrations. 
Surface  species  which  have  relatively  longer  lifetimes  are  chemisorbed  As  atoms,  ethyl  radicals  and 
mono-dimethylamino  arsine  (AsN(CH,)j).  The  coverage  of  AsNfCHjjj  and  As  is  significant  up  to  420 
“C.  Since  the  TEGa  decomposition  chemistry  depends  on  the  number  of  surface  sites  available,  the 
agreement  in  the  growth  rate  with  experiment  as  shown  in  Figs.  1  and  2  implies  that  this  reaction 
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model  delineates  the  underlining  surface  chemistry  well  and  that  the  TDMAAs  kinetic  model  can  well 
be  applied  to  simulate  epitaxial  growth  in  addition  to  its  ability  to  reproduce  the  behavior  of  desorption 
data  from  surface  science  studies  of  TDMAAs  thermal  decomposition. 


— • —  As 


temperature  fC) 

Fig.  3.  Surface  coverage  as  a  function  of  substrate 
temperature  during  GaAs  growth. 


5.  Summary 

We  have  reported  a  GaAs  CBE  reaction  model. 
This  model  is  different  from  the  GaAs  epitaxial 
growth  models  which  have  been  reported  in 
literature  in  that  it  involves  surface 
decomposition  and  interaction  of  two 
metalorganic  species,  each  of  which  possesses 
complicated  surface  decomposition  kinetics. 
We  have  demonstrated  that  properly  combining 
reaction  mechanisms  derived  from  surface- 
science  desorption  studies  enables  us  to  predict 
well  the  growth  rate  without  adjustable 
parameters. 
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Abstract.  A  comprehensive,  quantitatively  accurate,  atomic-level  simulator  for  AlGaAs/GaAs  (001)  MBE 
has  been  developed.  The  kinetic  Monte  Carlo  method  was  applied  within  the  solid-on-solid  approximation, 
explicitly  accounting  for  deposition,  desorption  and  surface  diffusion  of  both  the  group  in  and  group  V 
species.  In  contrast  to  previous  efforts,  the  kinetic  parameters  of  the  model  (neighbor  interaction  energies) 
were  determined  by  matching  model  results  to  gallium  desorption  transients  measured  by  desorption  mass 
spectrometry  (DMS)  during  GaAs/AIGaAs/GaAs  heterointerface  formation.  The  model  reproduces  these 
complex  transients,  md  predicts  the  stoichiometry  profile  near  the  GaAs/AlGaAs  heterointerface. 


1.  Introduction 

The  advent  of  quantum  well-based  devices  has  put  increasing  demands  on  the  structural  and 
stoichiometric  control  of  semiconductor  thin-film  materials  grown  by  Molecular  Beam  Epitaxy  (MBE). 
Of  particular  interest  is  the  structure  of  the  heterointerfaces  within  these  materials.  In  gener^,  it  is 
desired  that  these  be  atomically  abrupt.  However,  even  the  precise  on-off  flux  control  provided  by  MBE 
does  not  guarantee  atomically  abrupt  interfaces,  due  to  growth-driven  surface  roughening  and  layer 
intermixing.  In  this  work,  we  have  developed  a  model  for  both  GaAs  and  AlGaAs  MBE  growth.  The 
model  was  then  used  to  explore  the  effect  of  various  MBE  growth  strategies  on  the  atomic-level 
abruptness  of  the  GaAs/ AlGaAs  interface. 


2.  Model 

A  kinetic  Monte  Carlo  (kMC)  model  of  IH-V  MBE  growth  was  developed  for  this  study.  In  contrast  to 
most  previous  efforts  [1,2],  the  kinetics  of  eusenic,  including  deposition,  physisorption,  desorption  and 
diffusion  were  included.  An  innovation  of  this  work  is  that  the  kinetic  parameters  of  the  model  were 
determined  by  matching  predicted  gallium  desorption  profiles  with  those  obtained  by  experiment  for 
high-temperature  GaAs  and  AlGaAs  growth. 

Our  initial  efforts  consisted  of  matching  the  experimentally  determined  Ga  desorption  behavior  during 
GaAs  growth  at  temperatures  high  enough  for  significant  Ga  desorption.  Using  the  conventional 
approach  to  kMC  modeling  of  ni-V  MBE  [1]  yielded  poor  agreement  with  experiment.  We  determined 
that  a  previously  unconsidered  mechanism  was  responsible  for  this  disparity.  In  the  earlier  work,  only 
typical  GaAs  MBE  conditions  were  considered,  meaning  that  high  arsenic  surface  coverages  were  always 
assumed.  At  high  temperatures  and/or  low  arsenic  fluxes,  much  lower  arsenic  surface  coverages  are 
evident.  This  leads  to  the  possibility  of  a  physisorbed  state  for  the  group  IB  component,  defined  as  the 
condition  where  a  group  IB  adatom  is  located  at  a  group  IB-terminated  site.  Gallium  adatoms  in  this  state 
would  have  both  much  higher  diffusion  rates  and  much  higher  desorption  rates.  This  was  implemented 
in  the  model  by  allowing  physisorbed  atoms  a  temperature-dependent  number  of  diffusive  hops  to  find  a 
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chemisorption  site  (a  group  V-terminated  site)  before  desorbing.  Excellent  agreement  with  experiment 
was  obtained  after  this  mechanism  was  included. 

Following  this  work,  the  model  was  extended  to  the  AlGaAs  system.  Kinetic  parameter  values  from 
the  GaAs  work  were  directly  adopted  for  the  case  of  AlGaAs,  thereby  reducing  the  number  of  adjustable 
parameters  used  to  fit  the  desorption  data  for  the  case  of  AlGaAs  growth.  Another  mechanism  was 
introduced  to  account  for  the  experimentally  observed  vertical  exchange  between  A1  and  Ga  [3].  This 
was  implemented  in  the  model  by  immediately  exchanging  any  depositing  or  diffusing  A1  atom  which 
comes  in  contact  with  a  Ga-terminated  site. 

Taking  the  typical  kMC  approach,  all  processes  except  deposition  (atom  arrival)  were  taken  to  be 
thermally  activated  with  an  activation  energy  related  to  the  configuration  dependent  binding  energy  of  the 
atom  in  question.  The  binding  energy  is  determined  by  summing  the  nearest  neighbor  (Ga-As,  .^-As) 
interaction  energies  and  the  next-nearest  neighbor  (Ga-Ga,  Al-Al,  Al-Ga,  As-As)  interaction  energies  for 
all  nearest  and  next  nearest  neighbors  present.  The  following  values  were  determined  (by  fit  to  DMS 
data)  for  these  interaction  energies:  Ga-As  0.85eV;  Al-As  0.97eV;  Ga-Ga  O.lVeV;  Al-Al  0.25eV;  Al- 
Ga  0.21eV  and  As-As  0.12eV.  Additional  model  details  are  available  elsewhere  [4,5]. 


3.  Gallium  Desorption  Behavior 

The  complex  behavior  of  the  DMS-measured  galhum  desorption  signal  during  growth  of  an  AlGaAs 
layer  at  990K  is  shown  in  Figure  1.  In  attempting  to  match  this  experimental  data  two  different  versions 
of  the  model  were  explored.  Model  I  includes  the  Al-Ga  exchange  mechanism  and  uses  the  interaction 
parameter  values  listed  above.  Model  11  does  not  include  exchange,  and  uses  a  smaller  value  for  the  Al- 
Ga  interaction  energy  (0. 17eV).  Both  models  show  good  agreement  with  the  ex.perimental  results. 
Analyzing  these  results  yields  a  qualitative  picture  of  the  physics  of  Ga  desorption  during  AlGaAs  MBE. 

In  examining  the  causes  for  the  various  features  of  the  Ga  desorption  signal,  it  is  important  to  keep  in 
mind  that  the  model  predicts  that  the  arsenic  surface  coverage  (plot  not  included  due  to  space 
considerations)  changes  in  near  step-like  fashion  upon  opening  or  closing  the  A1  shutter.  Specifically, 
when  the  A1  shutter  is  opened,  the  decrease  in  the  V/in  flux  ratio  causes  a  nearly  instantaneous  decrease 


Figure  1 .  Comparison  of  kMC  model  results  with  DMS  measurements  for  Ga  desorption  during  growth  of  an  AlGaAs  layer 
at  990K. 
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in  the  As  surface  coverage  to  a  new  steady-state  value.  When  the  A1  shutter  is  closed,  a  near  step 
increase  back  to  the  original  value  for  GaAs  is  realized. 

When  the  A1  shutter  is  opened,  two  mechanisms  cause  the  immediate  sharp  increase  in  the  desorbed 
Ga  signal.  First,  the  influx  of  A1  atoms  increases  the  Ga  surface  concentration,  as  the  exchange  reaction 
pumps  Ga  atoms  to  the  surface.  This  increase  in  the  surface  Ga  population  results  in  a  corresponding 
increase  in  the  Ga  desorption  rate.  The  results  of  Model  II,  however,  show  that  the  exchpge  reaction  is 
not  required  to  duplicate  the  upward  spike  in  desorption  rate.  The  operative  mechanism  here  is  the 
reduction  in  the  As  surface  coverage  that  accompanies  the  decrease  in  the  V/IH  flux  ratio.  This  exposes 
more  Ga  atoms  to  the  surface,  increasing  the  Ga  desoiption  rate 

After  the  spike  in  the  Ga  desorption  rate,  there  is  a  gradual  decrease  to  a  new  steady-state  value. 
Again  there  are  two  possible  mechanisms  for  this  gradual  decrease.  In  Model  I,  as  more  AI  accumulates 
on  the  surface,  the  desorption  activation  energy  of  Ga  increases,  because  the  Al-Ga  interaction  energy  is 
higher  than  that  for  Ga-Ga.  In  Model  II,  this  effect  is  not  present  as  these  interaction  energies  are  set  at 
the  same  value.  What  is  occurring  in  Model  n  is  that  the  increased  Al  surface  concentration  is 
“screening”  Ga  atoms,  thereby  reducing  the  desorption  rate.  This  screening  mechanism  is  not  as 
prevalent  in  Model  I  as  the  exchange  mechanism  acts  to  “bury”  a  large  fraction  of  the  incoming  Al  atoms. 

When  the  Al  shutter  is  closed,  the  immediate  drop  in  the  Ga  desorption  rate  is  caused  by  the  increase 
in  As  surface  coverage,  and  by  the  fact  that  the  exchange  mechanism  is  no  longer  pumping  Ga  atoms  to 
the  surface.  The  recovery  of  the  Ga  desorption  rate  to  the  initial  value  of  that  for  GaAs  occurs  in  two 
stages.  The  first  is  a  fast  increase  due  to  the  reduction  in  the  surface  Al  content.  This  lasts  until  the 
surface  Al  content  is  reduced  to  zero,  about  one  second  after  the  shutter  is  closed  for  the  case  in  Figure  1 . 
The  second  phase  is  a  slow  accumulation  of  surface  Ga  until  a  steady-state  value  is  reached. 


4.  Heterointerface  Formation 

The  gradual  variations  in  the  Ga  desorption  signal  which  are  evident  in  Figure  1  are  expected  to  cause  a 
compositional  grading  near  the  heterointerface.  The  results  above  indicate  that  the  change  in  V/HI  flux 
ratio  is  the  primary  cause  for  these  effects.  We  postulate  that  maintaining  a  constant  V/in  flux  ratio 
during  growth  of  the  GaAs/AlGaAs  heterointerface  may  result  in  a  more  “step-like”  profile  for  the 
gallium  desorption  rate.  The  kMC  model  results  examining  this  case  are  shown  in  Figure  2. 

For  both  models  I  and  11  the  upward  spike  in  the  desorption  rate  at  -i-Al  is  effectively  eliminated,  ^d 
the  time  to  reach  a  steady-state  Ga  desorption  rate  is  much  reduced.  Note  that  the  steady-state  desorption 


Figure  2.  Effect  of  maintaining  a  constant  V/III  flux  ratio  on  the  predicted  desorbed  gallium  signal  during  growth  of  a 
GaAs/AlGaAs/GaAs  structure  at  high  temperature. 
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Figure  3.  Stoichiometry  profile  of  the  GaAs/AlGaAs  heterointerface  as  a  function  of  various  growth  strategies. 

rate  is  significantly  lower  (-0.3)  than  in  the  previous  case  (-0.5).  One  reason  for  this  behavior  is  that  the 
As  surface  coverage  (not  plotted)  remains  nearly  constant  throughout  the  entire  simulation.  The  higher 
As  surface  coverage  during  growth  of  the  AlGaAs  layer  suppresses  the  Al-Ga  exchange  mechanism  (less 
exposed  Ga).  Furthermore,  the  higher  As  flux  causes  a  nearly  instantaneous  increase  in  the  gallium 
incorporation  rate,  leading  to  a  sharp  drop  in  the  desorption  rate  to  the  new  steady-state  value. 

Upon  closing  the  A1  shutter,  there  is  still  a  rapid  initial  increase  in  the  desorbed  Ga  signal,  which 
again  is  related  to  the  A1  surface  concentration  quickly  dropping  to  zero.  Beyond  this  the  recovery  to  the 
steady-state  value  remains  slow,  as  the  Ga  surface  population  slowly  accumulates  to  its  previous  value. 

The  effect  of  these  strategies  on  the  abruptness  of  the  heterointerface  is  shown  in  Fi^re  3.  Note  that 
the  ideal  stoichiometry  profile  is  an  A1  fraction  of  zero  on  and  to  the  left  of  the  interface  line,  with  a 
uniform  value  to  the  right  of  the  line.  The  standard  approach  leads  to  a  significant  Al  content  within  what 
should  be  the  GaAs  layer,  largely  due  to  the  Al-Ga  exchange  mechanism.  The  Al  content  is  reduced 
within  the  “GaAs”  layer  when  the  strategy  of  maintaining  a  constant  V/in  flux  ratio  is  used.  The  best 
result  is  obtained  when  the  As  flux  is  increased.  This  leads  to  a  higher  As  surface  coverage  which 
suppresses  the  exchange  mechanism. 


5.  Conclusions 

We  have  developed  an  atomic-level  model  for  MBE  growth  of  the  GaAs/AlGaAs/GaAs  system  which  is 
quantitatively  accurate  with  regard  to  the  gallium  desorption  behavior  at  high  temperatures.  The  model 
results  clearly  show  that  the  complex  Ga  desorption  behavior  during  the  growth  of  AlGaAs  layers  are 
predominately  a  result  of  the  step  changes  in  the  V/in  flux  ratio  upon  opening  and  closing  the  Al  shutter. 
Based  on  model  predictions,  maintaining  a  constant  V/III  flux  ratio  during  growth  of  the  GaAs/ AlGaAs 
heterointerface  should  result  in  a  more  abrupt  GaAs/AlGaAs  interface. 


6.  References 

[1]  Madhukar  A  and  Ghaisis  S  V  1988  CRC  Crit.  Rev.  in  Solid  State  and  Mat.  Sci.  14  1-130 

[2]  Smilauer  P  and  Vvedensky  D  D  1993  Phys.  Rev.  B  48  17603-17608 

[3]  Braun  W,  Trampert  A,  Daweritz  L  and  Ploog  K  H  1997  J.  Crystal  Growth  175/176  156-161 

[4]  Mahalingam  K,  Dorsey  D  L,  Evans  K  R  and  Venkat  R  1997  J.  Crystal  Growth  175/176  211-215 

[5]  Mahtilingam  K,  Dorsey  D  L,  Evans  K  R  and  Venkat  R  1997  Appl.  Phys.  Lett.  70  3143-3146 


151 


One-Step  Selective  Growth  of  GaAs  on  V-groove  Patterned  GaAs 
Substrates  Using  CBr4  and  CCI4 

Eun  Kyu  Kim,  Tae-Geun  Kim,  Chang-Sik  Son*,  Seong-Il  Kim,  Young  K.  Park, 

Yong  Kim,  Suk-Ki  Min,  and  In-Hoon  Choi 

Semiconductor  Materials  Research  Center,  Korea  Institute  of  Science  and  Technology, 

P.O.  Box  131,  Cheongryang,  Seoul  130-650,  Korea 

’Division  of  Materials  Science  and  Engineering,  Korea  University,  Seoul  132-701,  Korea 

Abstract.  With  carbon  tetrabromide  (CBr4)  and  carbon  tetrachloride  (CCI4)  supplied,  well-defined  selective 
GaAs  epilayers  were  successfully  grown  on  V-groove  and  mesa  patterned  GaAs  substrates  by  one-step 
atmospheric  pressure  metalorganic  chemical  vapor  deposition.  It  appeared  that  the  selectivity  of  the  grovm 
epilayers  showing  huge  lateral  growth  rate  enhancement  depended  on  supplying  gases.  Inside  a  V-groove,  the 
selectively  grown  GaAs  epilayers  exhibited  a  triangular  and  a  round  shape  with  supplying  CBr4  and  CCI4, 
respectively.  The  selective  growth  was  also  done  on  the  side  walls  of  a  mesa.  In  contrast,  no  growth  was 
observed  outside  V-groove  and  on  the  top  of  the  mesa.  This  kind  of  selective  epitaxial  technology  has 
promising  features  for  well-defined  quantum  structures  and  lateral  p-«  junction. 


1.  Introduction 

The  ratio  of  the  lateral  epitaxial  growth  rate  to  the  vertical  one  on  a  patterned  substrate  can  be 
controlled  slightly  by  variation  of  growth  temperature  and  the  V/III  ratio  during  metalorganic  chemical 
vapor  deposition  (MOCVD)  [1].  However,  the  minor  controllability  in  the  lateral  growth  rate  ratio 
has  been  a  limitation  for  fabrication  of  some  desired  optoelectronic  device  structures.  To  obtain  better 
lateral  growth  control,  various  selective  epitaxy  (SE)  techniques  were  investigated,  such  as  the  regrowth 
on  masked  layers  and  the  regrowth  after  fine  lithography  and  dry  etching,  which  have  been  most  often 
used  to  form  these  nanoscale  structures  [2-4].  The  SE  is  a  direct  approach  to  form  quantum  structures 
and  novel  optoelectronic  devices,  since  it  enables  us  to  control  the  lateral  direction  of  the  device 
structures. 

In  this  study,  we  report  one-step  selective  epitaxial  growth  on  patterned  GaAs  substrates  with 
CBr4  and  CCI4  supplied  during  MOCVD  growth.  It  is  suggested  that  the  obtained  selective  GaAs 
epilayer  can  not  only  have  application  to  much  efficient  optical  confinement  structures  but  also  reduce 
the  number  of  the  device  fabrication  processes. 


2.  Experiment 

The  V-groove  and  mesa  patterns  were  fabricated  along  thelOlT  ]  direction  on  exactly  (100)  oriented 
semi-insulating  GaAs  substrates  by  standard  photolithography.  GaAs  epilayers  were  grown  on 
patterned  GaAs  substrates  by  atmospheric  pressure  MOCVD  with  a  vertical  quartz  reactor.  After 
growth  of  undoped  GaAs  buffer  layers  on  the  patterned  GaAs  substrates,  CBr4  and  CCU-doped  GaAs 
epilayers  were  grown.  For  identifying  the  growth  behavior  of  GaAs  epilayers,  AlGaAs  marker  layers 
were  inserted  not  only  between  a  GaAs  substrate  and  a  GaAs  buffer  layer,  but  also  between  a  GaAs 
buffer  layer  and  a  CBr4  or  CCU-doped  GaAs  epilayer.  Trimethylgallium  (TMG)  and  AsHs  (10  % 
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Growth  Temperature  (°C) 

Fig.  1.  The  growth  rate  ratio  of  lateral  (R|at)  over  vertical  (Ryer)  as  a  function  of  growth  temperature. 

diluted  with  pure  hydrogen)  were  used  as  the  gas  sources.  CBr4  or  CCI4  gases  were  flowed  during  the 
epitaxial  growth  which  is  normally  p-type  dopant  and  can  bring  out  the  lateral  growth  enhancement  of 
GaAs  epilayers.  Growth  temperature  and  the  V/III  ratio  were  fixed  at  680  °C  and  60,  respectively.  CBr4 
and  CCI4  were  supplied  at  0.023  and  0.03  seem,  respectively.  Pd-diffiised  H2  gas  was  used  as  the 
carrier  gas.  Total  flow  rate  was  5,000  seem.  The  cross-sectional  micrographs  of  the  samples  were 
observed  by  a  field  emission  scanning  electron  microscopy  (FE-SEM). 


3.  Results  and  discussion 

In  our  previous  work  [5-8],  it  was  reported  that  the  lateral  growth  rate  of  the  GaAs  epilayer  on  a  mesa 
remarkably  increased  by  supplying  CBr4  and  CCI4,  as  shown  in  Fig.  1.  CCI4  and  CBr4  were  usually 
used  as  effective  p-type  sources.  This  figure  shows  the  growth  rate  ratio  of  lateral  (Riat)  over  vertical 
(Rver)  as  a  function  of  growth  temperature  with  CBr4  and  CCI4  supplied.  It  is  noticeable  that  in  the  case 
of  CBr4  the  Riat/Rver  is  as  high  as  29  at  about  700  “C.  When  CBr4  is  used,  the  growth  rate  enhancement 
is  about  twice  than  that  of  CCI4  at  700  °C.  The  lateral  growth  rate  increases  with  increase  in 
temperature  up  to  700  °C,  but  it  decreases  at  higher  growth  temperatures.  The  selective  growth  in  this 
work  was  performed  at  a  given  growth  condition  which  was  selected  to  obtain  the  highest  lateral 
growth  enhancement,  i.e.,  growth  temperature  and  the  V/III  ratio  were  fixed  at  680  °C  and  60.  CBr4  and 
CCI4  were  supplied  at  0.023  and  0.03  seem,  respectively. 

Figure  2(a)  shows  a  round-shaped  selective  CCU-doped  GaAs  epilayer,  which  was  grown  on 
the  inside  of  a  [011]  oriented  V-groove  (the  facet  of  the  sidewall  is  a  Ga-rich  plane).  In  the  region  of 
undoped-GaAs  buffer  layer,  the  Riat  inside  the  V-groove  was  about  3.5  pm/hr,  which  was  twice  that  of 
the  Ryer  outside  the  V-groove.  In  the  region  of  a  CCU-doped  GaAs  epilayer,  a  large  lateral  growth 
enhancement  (Riat  ~  4  pm/hr)  was  exhibited  in  the  inside  region  of  V-groove,  whereas  no  growth  was 
observed  outside  the  V-groove.  This  peculiar  selectivity  also  occurred  in  the  region  of  a  single  mesa. 
Figure  2(b)  shows  a  round-shaped  selective  CCU-doped  GaAs  epilayer  which  was  grown  on  the  both 
side  walls  of  a  single  mesa,  which  showed  a  larger  lateral  growth  rate  enhancement  (Riat  ~  10  pm/hr) 
than  that  of  the  V-groove,  and  also  showed  almost  no  growth  on  the  top  region  of  the  mesa. 
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Fig.  2.  Cross-sectional  SEM  micrographs  of  round-shaped  CCU-doped  GaAs  epilayers  selectively  grown  on  patterned  GaAs 
substrates  having  [  OIT]  oriented  either  V-groove  (a)  or  mesa  (b). 


As  shown  in  Figs.  2(a)  and  (b),  the  (41 1)A  and  (433)A  facet  planes  are  clearly  visible  on  the  side  walls 
of  the  V-groove  or  the  mesa  of  the  buffer  epilayer.  These  facets  are  maintained  in  CCU-doped  GaAs 

epilayers.  . 

Figure  3(a)  shows  a  triangular-shaped  selective  CBr4-doped  GaAs  epilayer,  which  was  grown 

on  the  inside  of  a  [01T]  oriented  V-groove.  In  the  region  of  undoped-GaAs  buffer  layer,  the  lateral 
growth  rate  (inside  the  V-groove)  was  twice  that  of  the  vertical.  In  the  region  of  CBr4-doped  GaAs 
epilayer,  a  huge  lateral  growth  enhancement  was  exhibited  inside  V-groove,  whereas  no  growth  was 
observed  outside  the  V-groove.  For  the  case  of  CBr4,  the  inside  region  of  V-groove  was  completely 
filled  up,  and  thus  the  top  of  the  epilayer  was  flattened.  Figure  3  (b)  shows  a  bird-wing  shaped  selective 
CBr4-doped  GaAs  epilayer  on  the  side  walls  of  a  single  mesa.  As  shown  in  Figs.  3(a)  and  (b),  the 
(433)A  and  (411)A  facet  planes  are  clearly  visible  on  the  side  walls  of  the  V-groove  and  mesa, 
respectively. 
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Fig.  3.  Cross-sectional  SEM  micrographs  of  triangular  shaped  CBr4-doped  GaAs  epilayers  seleetively  grown  on  patterned 
GaAs  substrates  having  [  0  lT  ]  oriented  either  V-groove  (a)  or  mesa  (b). 
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The  selectivity  obtained  by  supplying  CBr4  was  higher  than  that  of  CCI4.  The  CBr4-doped 
GaAs  epilayer  was  completely  filled  up  (Fig.  3  (a)),  whereas  the  CCU-doped  GaAs  partially  filled  up 
the  inside  of  the  V-groove  region  (Fig.  2  (a)).  Higher  selectivity  in  the  case  of  CBr4  would  be  attributed 
to  the  higher  lateral  growth  enhancement  when  CBr4  is  used  than  that  of  CCI4.  This  trend  in  efficiency 
of  selectivity  would  be  correlated  with  the  difference  in  the  strength  of  the  chemical  bonds  between  the 
carbon  nucleus  and  Cl  and  Br  ligands.  Br  ligands  bound  more  weakly  to  carbon  than  Cl  enhance  the 
decomposition  rate  of  the  surface-adsorbed  chemical  species  [9],  and  therefore  the  lateral  growth  rate  is 
enhanced  more  in  the  case  of  CBr4  than  that  of  CCI4.  It  was  also  suggested  that  the  lateral  gas  phase 
diffusion  of  column  III  species  (particularly  Ga  species)  involved  the  decomposition  products  from 
CBr4  and  CCI4  and  etching  effects  due  to  Cl  or  Br  complex  were  occurring  at  the  same  time  during  the 
MOCVD  growth.  Although  very  thin  (<10  run)  layers  outside  a  V-groove  and  on  the  top  of  a  mesa  may 
be  etched  away  during  the  stain  etching  with  KOH  :  K3Fe(CN)6  :  H2O  solution,  it  is  very  interesting 
that  the  vertical  growth  rate  is  too  small  to  be  observed  with  the  technique  of  this  paper.  This  technique 
can  realize  the  true  SE  by  one-step  growth,  and  thus  would  enhance  the  quality  of  quantum  confined 
devices  fabricated  on  patterned  substrates.  Further  studies  should  be  required  to  clarify  the  selective 
epitaxial  growth  and  realize  the  quantum  structures  and  lateral  p-n  junction  structures. 


4.  Conclusion 

One-step  selective  GaAs  epilayers  were  fabricated  on  V-groove  and  single  mesa  of  patterned  GaAs 
substrates  by  atmospheric  pressure  MOCVD  with  CBr4  and  CCI4  being  supplied.  The  selectivity 
obtained  using  CBr4  was  higher  than  that  of  CCI4.  Triangular-shaped  CBr4-doped  GaAs  epilayers  were 
also  selectively  grown  on  a  V-groove  and  mesa,  showing  a  huge  lateral  enhancement  on  both  sidewalls, 
whereas  there  was  no  growth  outside  V-groove  and  on  the  top  of  the  mesa.  In  the  CCU-doped  case, 
round-shaped  GaAs  epilayers  were  also  selectively  grown  on  a  V-groove  and  mesa,  showing  large 
lateral  growth  enhancement  on  the  side  walls  and  no  growth  outside  V-groove  and  on  the  top  of  the 
mesa. 
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Abstract.  We  present  an  economical  and  non  polluting  vapor  phase  technique,  allowing  the  growth 
of  practically  all  III-V  and  II- VI  compounds,  using  water  as  reactant.  This  technique  will  be  illustrated  here 
in  the  case  of  GaAs.  We  show  that  GaAs  can  be  grown  at  very  high  growth  rates.  This  has  been  used  to 
obtain  thick  layers.  We  demonstrate  that  these  layers  exhibit  good  structural,  electrical  and  optical 
properties  when  grown,  at  least,  up  to  5  pm  per  minute.  Since  doping  can  be  mastered,  millimeter  thick 
layers  can  be  grown  in  a  reasonable  time,  opening  new  applications  for  epitaxial  GaAs  layers  such  as  high 
power  electronics,  nuclear  detection  and  optics. 


1 .  Introduction 

Gallium  Arsenide  epitaxial  layers  are  used  for  micro-electronic  applications.  However,  they  could  also 
be  used  in  other  fields  such  as  high  power  electronics,  optics,  nuclear  detection,  etc.,  if  they  could  be 
grown  thick  enough  because  the  conventional  bulk  materials  exhibit  electrical  characteristics  which  are 
often  not  sufficiently  homogeneous,  while  epitaxial  layers  exhibit  in  principle  perfect  homogeneity. 

The  aim  of  this  communication  is  to  present  a  particular,  non  polluting,  vapor  phase  epitaxy 
technique  which  allows  to  reach  very  high  growth  rates,  up  to  50  pm  min-*,  and  thus  to  obtain 
millimeter  thick  layers  in  a  reasonable  time.  We  will  describe  the  structural,  optical  and  electrical 
properties  of  layers,  several  hundred  microns  thick,  grown  by  this  technique  as  well  as  the  variation  of 
their  properties  with  the  growth  rate. 


2.  The  growth  technique 

The  vapor  phase  technique  considered  here  has  already  been  used  (for  a  review  on  this  technique,  see 
ref.  [1]).  It  is  universal  in  the  sense  that  it  can  use  the  same  reactant  to  grow  all  III-V  (even  nitrides) 
and  II-V  compounds.  It  is  based  on  the  decomposition  of  a  source  material  with  a  reactant,  follovyed  by 
mass  transport  in  the  vapor  phase  of  the  temperature  and  concentration  gradients,  ending  with  the 
reverse  reaction  on  the  substrate.  The  reactant,  water,  is  cheap,  easy  to  find  and  non  polluting.  In 
practice,  as  schematized  in  Figure  1,  water  at  a  level  of  the  order  of  a  few  hundred  ppm,  in  H2  at 
atmospheric  pressure,  decomposes  the  source.  The  gaseous  products  of  decomposition  are  transported 
to  the  substrate,  placed  face  to  face  at  a  short  distance  (of  the  order  of  a  few  millimeters)  where  the 
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SOURCE  ( temperature  T ) 

Reaction  of  decomposition  A 
(GaAs  +  H^O) 


Recomposition  :  GaAs  - * 

SUBSTRATE  ( temperature  0  <  T ) 


Fig.  1  -  Principle  of  the  reactions  inducing  the 
growth, 

reverse  reaction  occurs.  The  growth  rate 
(deduced  from  the  layer  thickness  grown  for  a 
given  time)  is  adjusted  independently  by  the 
source  and  substrate  temperatures  and  the 
water  partial  pressure.  In  the  work  reported 
here  the  source  and  substrates  are  conventional 
semi-insulating  Czochralski  grown  wafers. 


0.0  0,6  1,0  1,6 

P'®(torr) 

Fig.  2  -  Variation  of  the  growth  rate  versus  the  partial 
pressure  of  water  for  a  substrate  temperature  of  800®  C  and 
a  source  temperature  of  900®  C. 


Because  the  transport  is  nearly  100  %  efficient  and  not  limited  by  diffusion,  very  high  growth 
rates  ean  be  achieved.  This  is  illustrated  in  Figure  2  where  we  show  that  growth  rates  up  to  10  pm 
min-h  i.e.  500  times  faster  than  that  of  conventional  techniques,  can  be  obtained.  We  used  this  specific 
potentiality  of  the  technique,  usually  called  Close  Space  Vapor  Transport  (CSVT),  to  grow  layers  of 
several  hundred  of  microns  thick.  Here,  we  shall  describe  the  structural,  optical  and  electronic  proper¬ 
ties  of  layers  grown  on  (001)  oriented  GaAs  substrates  which  are  either  n+  doped  or  semi-insulating 
wafers  originating  from  Czochralski  grown  materials. 


3.  STRUCTURAL  CHARACTERIZATION 

Optical  observation  shows  that,  as  the  thickness  of  the  layer  increases,  the  surface  becomes  more  and 
more  facetted,  i.e.  pyramids  with  (111)  oriented  faces  appear  and  grow  in  number  and  size.  The 
occurrence  of  these  facets  depends  on  the  growth  rate.  It  reaches  a  maximum  in  the  0.5  to  1  pm.min-1 
range  and  decreases  abruptly  when  the  substrate  temperature  is  above  750°  C. 

X-ray  topography  demonstrates  that  the  layers  are  free  of  dislocations  except  on  the  edges  where 
they  are  induced,  from  the  substrates,  by  the  mechanical  system  which  holds  them.  However,  when 
layers  exhibit  small  localized  regions  associated  with  surface  defects,  short  dislocations  or  stacking 
faults  are  observed. 

Double  X-ray  diffraction,  which  probes  the  surface  layer  (up  to  a  depth  of  20  pm),  exhibits  a 
single  peak  whose  width  is  slightly  broader  (20  to  40  arc.s)  than  that  of  a  few  pm  thick  layer 
(12  arc.s).  This  is  attributed  to  the  disorder  induced  by  the  large  eoncentration  of  As  antisites,  related 
to  EL2  defects,  whose  concentration  depends  on  the  growth  rate  (see  below).  The  variation  of  the 
lattice  parameter  Aa/a  is  of  the  order  of  10-5  to  10-2.  We  did  not  find  any  correlation  between  Aa/a  and 
the  growth  rate  nor  with  the  substrate  temperature. 
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4.  Optical  characterization 

Absorption  in  the  0.8  -  1.5  eV  range,  eventually  performed  after  surface  polishing,  gives  a  spectrum 
similar  to  that  of  a  Czochralski  grown  material.  The  band  edge  exhibits  a  tail  typical  of  the  presence  of 
EL2  defects.  In  order  to  evaluate  this  concentration,  we  used  the  absorption  around  1  pm  which  has 
been  calibrated  for  the  measurement  of  this  concentration  [2,3].  In  the  case  of  Figure  3  corresponding 
to  a  170  pm  thick  layer  grown  at  800°  C,  at  a  rate  of  5.8  pm.min"!,  this  calibration  indicates  an  EL2 
concentration  of  4  x  1017  cm-3.  As  reported  in  ref.  [4],  the  concentration  increases  with  the  growth 
rate  and  allows  to  obtain  semi-insulating  layers  [5]  because  undoped  layers  are  predominently  p-type 
(see  below). 


Fig.  3  -  Optical  absorption  spectrum  of  a  170  pm  thick  layer  grown  at 
800°  C  with  a  rate  of  5.8  pm.min-’.  The  dashed  line  corresponds  to  the 
absorption  of  the  substrate. 


As  to  photoluminescence,  it  demonstrates  good  quality  of  the  layers  grown  with  rates  lower  than 
5  pm.min-l.  Indeed,  luminescence  spectra  exhibit  the  band  exciton  line,  and  lines  associated  with 
donor-acceptor  recombination  as  well  as  several  phonon  replica.  The  acceptor  impurities  involved  in 
these  lines  are  SiAs  and  Guas  in  agreement  with  analysis  performed  by  secondary  ion  mass 
spectroscopy  (SIMS).  These  latter  measurements  show  that  Si  is  present  at  a  concentration  ranging 
from  1015  to  1016  cm-3,  while  S  is  at  a  concentration  ten  times  lower  (the  correlation  between  the 
impurity  concentrations  in  the  source  and  the  layers  will  be  develof)ed  elsewhere).  The  dominant 
acceptor  is  C,  in  the  range  1016  _  1017  cm-3.  These  concentrations  seem  to  be  related  neither  with  the 
substrate  temperature,  nor  with  the  growth  rate.  But  they  are,  as  expected,  directly  related  to  the 
impurity  content  of  the  source  material. 


5 .  Electrical  characterization 

Hall  effect  measurements  are  in  agreement  with  the  SIMS  analysis  and  the  photoluminescence  obser¬ 
vations.  The  layers,  originating  from  semi-insulating,  undoped,  Czochralski  materials  are  p-type  at 
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level  ranging  from  few  1015  cm-3  to  few  1016  cni-3.  The  temperature  dependence  of  the  mobility 
indicates  that  the  layers  contain  a  small  concentration  of  charged  defects  or  impurities.  In  the  range 
100  -  300  K  the  mobility  increases  linearly  with  T-3/2  (see  Fig.  4)  which  means  that  it  is  limited  by 
phonons.  Below  typically  100  K,  the  mobility  is  a  decreasing  function  of  the  temperature  (see  Fig.  5) 
as  a  result  of  scattering  with  charged  defects. 


T-3/j  (  (jJ/l)  Temperalilre  (  K) 


Fig.  4  -  Hole  mobility  versus  T-3'2  in  a  62  (un  Fig.  5  -  Temperature  dependence  of  the  hole  mobility 

thick  layer  grown  at  750“  C  with  a  growth  rate  of  the  same  layer  as  in  Fig.  4  showing  the  low 

of  1 .7  pm.min-l .  temperarnre  range. 

Finally,  a  search  for  deep  charged  impurities  has  been  performed  by  SIMS ;  Cr,  Mn,  Fe  and  Ni, 
are  at  a  level  of  1013  cm”3  or  below;  O  exists  at  larger  concentration  (~  1012  cm“3),  but  it  is  known 
that  it  does  not  give  rise  to  any  deep  level. 


6.  Conclusion 

We  have  demonstrated  that  it  is  possible  to  grow  very  thick  epitaxial  layers  of  GaAs  which  exhibit 
good  electronic  and  optical  properties.  We  shall  demonstrate  elsewhere  (for  a  preliminary  work,  see 
ref.  [6])  that  these  layers  can  be  p-  and  n-types  doped,  allowing  their  use  in  high  power  electronics. 
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Abstract.  Details  of  the  structural  and  electrical  properties  of  epitaxial  DyP/GaAs  and  DyAs/GaAs  are  reported.  Both 
DyP  and  DyAs  have  been  grown  by  solid  source  MBE  with  growth  temperatures  ranging  from  500  to  600°C  and  growth 
rates  between  0.5  and  0.7  pm/hr.  DyP  epilayers  are  n-type  with  measured  electron  concentrations  on  the  order  of  3  to  4  X 
10’"  cm’’,  room  temperature  mobilities  of  250  to  300  cm’/Vs,  and  a  barrier  height  of  about  0.81  eV  to  GaAs  at  room 
temperature.  DyAs  epilayers  are  also  n-type  with  concentrations  of  1  to  2  x  10”  cm  and  mobilities  between  25  and  40 
cm’/Vs.  DyP  is  stable  in  air  with  no  signs  of  oxidation  even  after  months  of  exposure. 

1.  Introduction 

The  ability  to  grow  thermally  stable  Schottky/Ohmic  contacts  and  buried,  epitaxial  metallic  or  semi- 
metaUic  layers  on  semiconductors  has  many  potential  appUcations  in  novel  device  structures.  One 
promising  approach  for  achieving  thermally  stable  contacts  is  to  select  a  high  melting  point  elemental 
metal-phosphide  or  metal-arsenide  binary  compound  that  displays  metallic  characteristics  and  is 
chemically  inert.  Two  attractive  material  systems  that  offer  strong  promise  in  this  area  are  dysprosium 
phosphide/gallium  arsenide  (DyP/GaAs)  and  dysprosium  arsenide/gallium  arsenide  (DyAs/GaAs). 

This  paper  reports  the  strucmral  and  electrical  characterizations  of  DyP  and  DyAs  on  GaAs  as  well  as 
GaAs/DyP/GaAs  and  GaAs/DyAs/GaAs  heterostructures.  DyP  and  DyAs  have  only  one  stable  phase 
with  a  NaCl  crystal  stmcture  and  have  lattice  constants  of  5.6534  A  and  5.7894  A,  respectively.  The 
lattice  mismatch  between  DyP  and  GaAs  is  less  than  0.01%  at  room  temperature. 
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2.  Results  and  Discussion 

Fig.  1  shows  the  selected  area  diffraction  pattern  of  GaAs  and  DyP  epilayers  on  a  GaAs  substrate.  The 
diffraction  pattern  indicates  an  epitaxy  of  the  two  layers  with  the  substrate.  Fig.  2  shows  a  high- 
resolution  lattice  image  of  the  same  sample  looking  at  the  buried  DyP  layer  and  the  GaAs  capping 
interface.  No  pinholes  were  observed  in  the  DyP  layers.  In  spite  of  the  good  growth  of  DyP  on  GaAs, 
the  GaAs  layer  grown  on  top  of  the  DyP  is  usually  twinned.  Most  of  the  top  GaAs  layer  is  epitacticaUy 
aligned  with  DyP/GaAs  but  there  are  areas  where  (111)  GaAs  grows  on  (001)  DyP.  This  phenomenon 
has  also  been  observed  in  the  GaAs/ErAs/GaAs  structure  where  the  GaAs  layer  grown  on  top  of  ErAs  is 
usually  heavily  twinned  with  most  of  the  twin  boundaries  lying  parallel  to  {111}  planes  [1]. 

Fig.  3  shows  the  selected  area  diffraction  pattern  of  DyAs  epilayer  on  GaAs  substrate.  The  diffraction 
pattern  also  indicates  an  epitaxy  of  DyAs  with  the  substrate.  However,  the  cross-section  images  review 
the  threading  dislocation  as  well  as  twinning  and  stacking  faults  in  the  DyAs  layer.  This  is  expected  due 
to  the  larger  lattice  mismatch  between  DyAs  and  GaAs.  The  difference  in  the  crystal  structures  between 
DyP  or  DyAs  (rock  salt)  and  GaAs  (zinc  blende)  seemed  to  affect  the  growth  of  GaAs/DyP/GaAs  and 
GaAs/DyAs/GaAs  heterostmctures. 

The  Auger  electron  spectroscopy  (AES)  profile  of  the  GaAs/DyP/GaAs  sample  is  shown  in  Fig.  4. 
The  AES  profile  indicates  abrupt  interfaces  with  no  significant  impurities  present  in  any  of  the  layers. 
For  GaAs/DyAs/GaAs,  although  the  interface  appears  to  be  abrupt,  unlike  GaAs/DyP/GaAs,  a  certain 
amount  of  oxygen  is  observed  at  the  DyAs  and  the  capping  GaAs  interface.  DyAs  is  reactive  to  a  certain 
degree  to  oxygen,  however,  it  is  less  reactive  when  compared  to  ErAs,  which  is  highly  reactive  even  in  a 
UHV  environment,  resulting  in  significant  oxygen  and  carbon  contaminations  on  the  surface  [2].  The 
atomic  force  microscopy  (AFM)  analysis  of  DyP/GaAs  revealed  smooth  surfaces  with  RMS  roughness 
between  4  and  8  A.  The  surface  roughness  of  DyAs,  on  the  other  hand,  was  between  10  and  15  A,  and 
may  be  due  to  the  lattice  mismatch  between  DyAs  and  GaAs. 

The  resistivity  values  of  DyP  as  determined  by  four-point  probe  and  Hall  measurements  were  found  to 
be  consistent  and  were  in  the  range  of  6.5x10'’  to  1.5x10''’  a-cm  as  seen  in  Pig.  5.  Hall  measurements 
indicated  that  DyP  films  were  n-type  with  electron  concentrations  on  the  order  of  3x10™  to  4x10™  cm'’. 


r 


161 


Fig.  1.  Selected  area  diffraction  pattern  from  GaAs 
substrate  with  GaAs/DyP  epilayers. 


Fig.  2.  Selected  area  cross-section  HRTEM  image 
of  GaAs/DyP  interface. 


Fig.  3.  Selected  area  diffraction  pattern  from  GaAs 
substrate  with  DyAs  epilayer. 


Fig.  4.  AES  profile  of  GaAs/DyP/GaAs  sample. 
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Fig.  5.  Resistivity  and  Mobility  of  DyP  and  DyAs  obtained  from  Hall  measurements. 
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The  room  temperature  mobility  was  between  250  and  300  cmW  s  and  increased  with  a  decrease  in 
temperature. 

I-V  measurements  were  performed  on  DyP/GaAs  and  indicated  a  Schottky  behavior.  The  barrier 
height,  measured  by  I-V  measurements,  was  found  to  be  approximately  0.81  eV.  Variable  temperature 
I-V  measurements,  using  DyP  as  the  Schottky  contact  and  patterned  CUjGe  as  the  Ohmic  contact, 
indicated  that  the  contacts  performed  efficiently  up  to  a  temperature  of  200°C. 

For  DyAs,  Hall  measurements  were  performed  between  20  K  and  300  K  and  the  resistivity  was  found 
to  be  in  the  region  of  1.0x10  '’  to  1.5x10  '’  £l  cm  as  seen  in  Fig.  5.  DyAs  was  also  found  to  be  n-type 
with  carrier  concentration  on  the  order  of  1x10^'  to  2x10^'  cm'^  and  mobilities  between  25  and  40 
cmW  s,  and  showed  an  increase  with  a  decrease  in  temperature  as  shown  in  Fig.  5.  According  to  I-V 
measurements,  DyAs  was  found  to  form  a  poor  Ohmic  contact  to  n-GaAs. 

3.  Conclusions 

We  have  demonstrated  the  epitaxial  growth  of  DyP  and  DyAs  on  GaAs  as  well  as  GaAs/DyP/GaAs  and 
GaAs/DyAs/GaAs  heterostructures  using  solid  source  MBE.  The  epilayers  were  characterized  by  TEM, 
AES,  Hall  measurements,  and  I-V  and  C-V  measurements.  DyP  was  found  to  be  stable  in  air  with  no 
signs  of  oxidation  even  after  months  of  exposure.  I-V  measurements  show  that  DyP  forms  a  Schottky 
contact  to  GaAs  with  a  barrier  height  of  about  0.81  eV.  This  contact  is  stable  up  to  about  200°C.  DyAs 
was  found  to  form  a  poor  Ohmic  contact  to  n-GaAs. 
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Abstract.  PIN  photodiodes  were  fabricated  by  nitrogen  ion  implantation  on  undoped  0.5,  1.0,  1.5,  and  2,0 
urn  thick  ZnSe/n-ZnSe/n'^GaAs(100)  grown  by  molecular  beam  epitaxy  (MBE),  To  obtain  the  p-layer, 
nitrogen  ions  at  multiple  energies  and  ion  doses  were  implanted  at  room  temperature  to  obtain  a  quasi¬ 
uniform  doping  profile.  The  activation  of  implanted  ions  was  achieved  by  post-annealing  in  a  N-ambient  at 
500  °C  for  5min.  Optical  studies  were  performed  by  photoluminescence  (PL)  spectroscopy  at  10  K,  which 
indicated  donor-acceptor  pairs  at  an  energy  of  2.7  eV  and  its  phonon  replicas  with  30  meV  intervals.  The 
circular  PIN  diodes  with  1  mm  diameter  active  area  showed  an  ideality  factor  of  1.19  and  reverse  bias 
breakdown  voltage  of  10  V  for  0.5  pm  thick  undoped  ZnSe.  Moreover,  good  linearity  with  light  intensity, 
low  dark  current  and  high  photocurrent  were  seen.  A  photocurrent/dark  current  ratio  of  more  than  10  for  an 
illumination  of  100  mW/cm^  at  a  reverse  bias  of  IV  through  a  200  A  thick  metal  layer  was  seen  for  the  0.5 
pm  thick  layer,  A  responsivity  of  0.025  AAV  was  obtained  at  a  wavelength  of  460  nm  through  the  metal 
contacts. 


1.  Introduction 

ZnSe,  a  wide  and  direct  bandgap  material,  is  an  attractive  material  for  optoelectronic  devices. 
Especially,  photodetectors  operating  in  the  visible  and  ultraviolet  regions  could  be  important  for  many 
space  and  medical  application.  To  realize  these  devices,  highly  doped  p-type  layers  are  necessary. 
Highly  doped  p  layers  using  a  nitrogen  source  during  MBE/MOCVD  growth  are  difficult  to  obtain  due 
to  compensation  between  nitrogen  and  intrinsic  impurities!  1,2],  Ion  implantation  is  attractive  as  a 
doping  method  because  of  its  controllability  and  repeatablity.  Continuing  on  our  previous  nitrogen  ion 
implantation  study  on  Zn(S)Se[3],  PIN  photodiodes  were  fabricated  by  this  method  with  various  i- 
layer  thicknesses.  This  could  result  in  new  applications  in  radiation  detectors  using  ZnSe  due  to  its 
large  bandgap  (low  dark  current),  high  resistivity  and  low  capacitance[4]. 


2.  Experimental 

Sample  growth  using  molecular  beam  epitaxy  (MBE)  was  carried  out  in  a  Riber  MBE  32P  system. 
Elemental  sources  of  Zn  and  Se  were  used  for  the  ZnSe  growth.  Cl-  doped  1.0  pm  thick  n-type  ZnSe 
films  and  0.5  pm,  1.0  pm,  1.5  pm,  and  2.0  pm  thick  undoped  ZnSe  epilayers  were  grown  on 
n’*'GaAs(100)  at  300  °C.  To  form  the  p-type  ZnSe,  nitrogen  ion  implantation  was  performed  at  room 
temperature  using  multiple  ion  energy  and  dose  with  various  conditions  as  shown  in  Table  1.  Of 
special  note  is  condition  E,  where  nitrogen  was  implanted  at  a  single  energy  level  of  50  KeV  with  an 
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Table  1 .  Implantation  Data  for  N-ion  Implanted  PIN  Diodes 


Experiment 

Samples 

Thickness  of  Undoped 

1  Implantation  Condition 

# 

Layer  (|i.m) 

Ion  Energy  (KeV) 

Ion  Dose  (cm-2)  xlO^^ 

1 

A 

0.5 

20,40,90,130,180 

1,  2,  6,  20,  100 

B 

0.5 

2 

C 

1.0 

20,40,90,130,180 

4,5,  8.5,  11,  12 

D 

1.5 

3 

E 

2.0 

50 

1000 

ion  dose  of  lO'^  cm'^  to  achieve  a  shallow  p+  layer.  Post  implant  annealing  was  performed  at  a 
temperature  of  500  °C  for  5  min  in  a  N2  ambient  [3].  Optical  activation  of  the  implanted  species  as  a  p- 
type  dopant  was  examined  by  10  K  photoluminescence  (PL)  on  as-grown  and  implanted/activated 
samples.  For  electrical  study,  Au:Ge/Ni  ohmic  contacts  were  deposited  on  the  n'^GaAs  side  and  1  mm 
diameter  circular  Pd  Schottky  contacts  were  evaporated  on  top  of  the  N-ion  implanted  ZnSe.  The 
current-voltage  with/without  illumination,  temperature  dependent  carrier  transport,  high  frequency 
capacitance-voltage,  deep  level  transient  spectroscopy  (DLTS),  and  spectral  response  were  employed 
for  characterization. 


3.  Results  and  Discussion 

As  the  first  experiment,  optical  and  electrical  tests  were  performed  on  N-ion  implanted  PIN  diodes 
having  a  0.5  pm  thick  undoped  ZnSe/ZnSe:Cl/n'^GaAs  structure.  PL  measurements  at  10  K  were 
carried  out  on  as-grown  and  implanted  samples  after  annealing.  As  seen  in  Fig.  1 ,  the  as-grown  sample 
showed  a  strong  free  exciton  (FX)  at  an  energy  of  2.803  eV  and  free-to-bound  exciton  (BX)  at  an 


Fig.  2  Dark  and  photo  I-V  of  PIN  diodes  A  and  D 
with  100  A  thick  1  mm  diameter  contacts 
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energy  of  2.79  eV  similar  to  that  seen  in  a  typical  undoped  ZnSe  spectra[5].  However  the  PL  spectra  of 
the  N-ion  implanted  sample  showed  donor-acceptor  pair  (DAP)  transitions  at  the  energy  of  2.7  eV  with 
three  longitudinal  optical  (LO)  phonon  replicas  at  every  30  meV  on  the  lower  energy  side  and 
suppressed  FX  and  BX  peaks  which  indicate  p-type  doping. 

Dark  and  photo  current-voltage  data  for  diodes  A  and  D  (Table  1),  differing  in  the  undoped  layer 
thickness,  is  shown  in  Fig.  2.  The  ideality  factor  of  diode  A  was  1.19  at  lower  forward  bias  (<  0.8  V) 
indicating  the  diffusion  dominated  transport  mechanism  in  this  structure  contrary  to  the  expected 
recombination  dominated  transport,  probably  a  result  of  a  very  thin  intrinsic  layer.  However,  the 
ideality  factor  of  diode  D  was  1 .9,  indicating  recombination  in  the  carrier  transport  mechanism.  A  dark 
current  -  40  pA  at  a  reverse  bias  voltage  of  5  V  was  seen  for  diode  A.  The  ratio  of  photo  to  dark 
current  of  the  PIN  diode  was  10''  and  photocurrent  (  applied  zero  bias)  of  diode  A  was  10  p,A/cm^.  A 
breakdown  voltage  of  10  V  for  diode  A  and  60  V  for  diode  D  were  observed. 

Data  for  1  MHz  capacitance-voltage  (C-V)  characteristics  of  PIN  diodes  A  and  D  are  shown  in 

qesA'^(d(\IC^)ldv)  (1) 

Fig.  3.  Using  Eq  (1),  the  background  carrier  concentration  was  ~  lO'^  cm'^  and  built-in  potential 
(1/C  =0)  of  ~3  V  was  extracted.  Thickness  of  the  depletion  layer  for  the  given  condition  of 
implantation  was  estimated  as  0-0.2  pm  for  A  and  1.0-1. 2  pm  for  D  diode,  respectively  by  TRIM. 
From  the  C-V  plot,  the  thickness  of  the  depletion  layer  was  estimated  >  0.3  pm,  indicative  of  spatial 
variation  of  the  net  acceptor  concentration  due  to  the  compensation  by  incorporated  chlorine. 

DLTS  studies  were  performed  to  examine  traps  in  the  material  and  this  is  shown  in  Fig.  4.  A  hole 
trap  at  an  energy  of  710  meV  above  the  valence  band  with  a  lO'*'’  cm^  capture  cross  section  is  seen. 
This  trap  position  was  found  in  N-doped  MBE  grown  ZnSe  [6]  due  to  Zn  vacancies  or  residual 
impurities  on  Zn  site. 

Room  temperature  spectral  response  of  photodiode  A  at  four  reverse  bias  voltages  in  Fig.  5  shows 
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Fig.  3  1  MHz  C-V  characteristics  of  PIN  diodes  A  and  D 


Fig.  4  DLTS  signal  of  PIN  diode  A 
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a  strong  absorption  at  the  wavelength  of  460  nm, 
equivalent  to  a  bandgap  energy  of  2.67  eV.  Also, 
the  spectra!  response  showed  the  field-assisted 
transition  (Franz-Keldysh  effects)  below  the  cut¬ 
off  wavelength.  A  responsivity  of  0.025  (A/W) 
was  obtained  without  anti-reflecting  coating  and 
through  200  A  thick  metal  layers.  Only  20  %  of 
the  optical  power  was  transmitted  into  ZnSe 
through  100  A  thick  metal  layers.  Spectral 
responsivity  is  increased  with  reverse  bias 
voltage  due  to  increasing  dark  current  and  better 
carrier  separation.  In  the  short  wavelength 
region,  the  responsivity  decreased  due  to  surface 
recombination  and  limitation  of  the  light  source. 

To  improve  the  device  performance,  the 
thickness  of  the  undoped  layer  of  the  PIN 
structure  was  increased  to  1.0,  1.5,  and  2|im. 
With  these  structures,  an  ideality  factor  of  ~2 
was  obtained  indicating  the  carrier  transport 
dominated  by  recombination.  The  background 
carrier  concentration  was  -  lO'^  cm'^,  and  the  C- 
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Fig.  5  Spectral  Response  of  PIN  photodiode  A  at  several 
value  of  applied  reverse  bias  (not  corrected  for  reflection 
and  absorption  in  the  metal) 


V  characteristics  showed  that  the  undoped  layer 

was  fully  depleted  as  the  capacitance  remained  constant  in  higher  reverse  bias.  Also,  the  breakdown 
voltage  was  increased  by  increasing  the  thickness  of  the  undoped  layer.  Especially,  the  2.0  |im  thick 
undoped  ZnSe/ZnSe:Cl/n-GaAs  structure  was  designed  for  a  shallow  p+-layer  and  thicker  intrinsic 
layer.  The  spectral  response  was  improved  significantly  with  this  design. 


4.  Conclusions 

PIN  photodiodes  having  low  dark  current  and  low  capacitance  were  realized  by  using  N-ion 
implantation  as  a  doping  method  for  the  p-layer  on  undoped  ZnSe  epilayers  having  different  thickness. 
These  PIN  diodes  by  ion  implantation  are  reproducible.  PIN  diodes  have  an  ideality  factor  of  1.19  for 
the  0.5  pm  thick  undoped  ZnSe  sample  and  ideality  factor  of  1 .9  -  2.0  for  the  undoped  ZnSe  having 
thickness  greater  than  1pm.  This  study  shows  the  possible  application  of  ZnSe  PIN  diodes  as 
photodetectors  having  low  dark  current  and  high  breakdown  voltage. 
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Abstract.  High-quality  ZnS  layers  on  silicon  have  recently  been  realized  by  initiating  MBE  growth  on  a 
vicinal  Si  (001)  surface  that  has  been  terminated  with  a  single  monolayer  (ML)  of  As.  We  report  the  first 
measurement  of  the  electronic  transport  properties  of  the  ZnS/As(lML)/n-Si(001)  heterostructure. 
Temperature-dependent  current-voltage  measurements  show  that  the  transport  is  characterized  by  an  activation 
energy  of  l,0ftt0.04  eV  for  the  Si/ZnS  conduction  band  offset.  A  similar  activation  energy  of  1.02±0.04  eV 
is  obtained  for  the  opposite  bias  polarity,  corresponding  to  transport  over  the  Al/ZnS  Schottky  barrier. 


1.  Introduction 

The  realization  of  high-quality  compound  semiconductors  that  are  lattice-matched  to  a  silicon  (Si) 
substrate  will  promote  the  development  of  band-gap-engineered  devices  in  Si  technology.  One  candidate 
for  a  barrier  material  is  zinc  sulfide  (ZnS),  which  has  an  energy  band  gap  of  3.6  eV  and  a  zinc-blende 
(cubic)  crystal  structure  with  a  lattice  constant  of  5.42  A.  By  comparison,  silicon  has  a  bandgap  of  1 . 1 2 
eV  and  a  diamond  (cubic)  crystal  structure  with  a  lattice  constant  of  5.43 1  A.  The  band  offset  of  a 
molecular  beam  epitaxy  (MBE)  grown  ZnS/Si(lll)  heterojunction  was  measured  by  Maierhofer  et  al. 
[1],  using  photoelectron  spectroscopy.  They  reported  a  valence-band  offset  of  My  =  0.7  eV  and  a 
conduction-band  offset  of  M^=  1.7  eV.  The  large  band  offsets  in  a  straddled  band  line-up  suggest  that 
ZnS  is  an  excellent  choice  for  use  as  an  insulating  barrier  that  is  lattice-matched  to  silicon.  Recently, 
high-  quality  ZnS  layers  on  silicon  have  been  realized  by  initiating  MBE  growth  on  a  vicinal  Si  (001) 
surface  that  has  been  terminated  with  a  single  monolayer  (ML)  of  As  [2].  In  the  present  paper,  we  report 
the  first  electronic  transport  properties  of  the  ZnS/As(l  ML)/n-Si((X)l)  heterostructure. 

2.  Growth  and  Experiment 

The  samples  were  grown  in  a  VG80S  MBE  chamber  on  phosphour-doped  (1-10  Q-cm)  vicinal  Si 
substrates  (100  surface  with  a  4°  off-cut  towards  [01 1]).  Details  of  the  ZnS  growth  can  be  found  in 
reference  [2].  Briefly,  growth  was  initiated  with  a  200  nm  thick  not-intentionally  doped  silicon  buffer 
layer  at  a  growth  temperature  of  620  °  C.  The  sample  was  then  annealed  at  850  °C  to  produce  a  double- 
stepped  Si  surface,  as  confirmed  by  reflection  high-energy  electron  diffraction.  After  the  substrate  was 
cooled  to  room  temperature,  more  than  1  ML  of  As  was  deposited.  The  excess  (beyond  1  ML)  As  was 
then  removed  with  a  600  °C  anneal.  Finally,  200  nm  of  ZnS  was  grown  from  a  solid  ZnS  source  at  a 
substrate  temperature  of  50  °C  followed  by  a  10  minute  anneal  at  320  °C.  Both  Al  and  Au  contacts  were 
e-beam  evaporated  and  patterned  on  the  sample.  Metal  covered  the  entire  wafer  surface  except  a  10  pm 
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spacer  region,  which  isolated  15,  150,  and  1500  pm  diameter  circular  devices.  In  the  case  of  Al,  the 
rings  were  etched  in  Al-leach;  in  the  case  of  Au,  a  lift-off  process  was  used  to  define  the  device.  The 
large-area  greater  surface  outside  of  these  circles  was  grounded  in  the  electrical  measurements. 

3.  Results  and  Discussion 

Figure  1  is  a  plot  of  the  J-V  characteristics  of  the  150  pm  diameter  device  for  selected  temperatures. 
The  bias  was  swept  in  two  different  directions  (arrows  indicate  the  sweep  direction).  The  magnitude  of 
the  voltage  was  swept  from  0  to  2  to  0  V  at  a  rate  of  ~1  V/min.  The  hysteresis  predominant  at  lower 
temperaUires  is  presumably  related  to  the  charging  time  of  slow  traps  in  the  ZnS  barrier.  The  voltage 
dependence  of  the  current  at  fixed  temperature  indicates  a  nearly  symmetric  device.  The  non-exponential 
dependence  on  applied  bias  (large  non-ideality  factor)  is  typical  for  a  heterostmcture  barrier  that  does  not 
change  with  applied  voltage.  Figure  2  is  an  Arrhenius  plot  constmcted  from  the  forward-sweep  data  in 
Fig.  1  to  determine  the  activation  energy  for  the  conduction  mechanism.  At  lower  temperatures,  where 
the  curves  in  Fig.  2  flatten  out,  the  current  measured  is  presumably  through  defect-assisted  transport 
(e.g.,  via  grain  boundaries  or  traps  in  the  ZnS)  with  a  relatively  small  thermal  activation  energy.  At 
higher  temperatures,  the  data  indicate  a  thermally-activated  process  with  a  well-defined  activation  energy. 
The  activation  energy  is  obtained  at  each  bias  point  by  fitting  the  data  to  a  conventional  thermionic 
emission  model  7  =  Jo'T^expl-E^^/fcT)  [3],  and  plotted  in  Fig.  3  as  a  function  of  the  applied  bias.  Note 
that  an  activation  energy  obtained  from  the  Arrhenius  plot  is  the  extrapolated  value  at  zero  temperature, 
and  is  only  accurate  to  within  kT  =  40  meV.  Since  the  detail  at  low  bias  in  Fig.  3  is  smaller  than  this,  it  is 
not  analyzed. 

The  activation  energy  may  be  related  to  the  band  offset  by  determining  the  chemical  potential  as  a 
function  of  voltage  and  temperature.  For  a  metal  (with  »  kT),  the  chemical  potential  is  independent 
of  both  of  these  parameters,  and  the  value  of  1.02±0.04  eV  obtained  from  Fig.  3  for  negative  biases,  is 


l/kT(l/eV) 


Fig.  1.  Temperature  dependence  of  the  current 
densities  through  AI/ZnS/As(lML)/Si  diodes. 
The  temperature  is  varied  from  50  °C  to  175 
°C  in  25  °C  steps. 


Fig.  2.  1-V  Arrhenius  plot  to  extract 
activation  energies  in  Al/ZnS/As(lML)/Si 
diodes.  Solid  lines  are  positive  gate  biases 
(from  0.2  V  to  2.0  V  in  0.2  V  steps)  and  the 
dashed  lines  are  negative  gate  biases. 
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the  Al/ZnS  Schottky  barrier  height.  For  a  non-degenerate  semiconductor  with  fully-ionized  donors, 
however,  charge  neutrality  in  the  bulk  forces  (Ef.-E^)lkT  to  remain  constant  as  the  temperature  changes, 
and  the  extrapolated  at  T  =  0  is  approximately  E^.  Therefore,  the  activation  energy  of  1.00  eV 
measured  for  small  positive  gate  voltages  is  approximately  the  conduction  band  offset  AE^..  This  value  is 
considerably  lower  than  the  value  of  1. 7+0.2  eV  obtained  by  photoelectron  spectroscopy  between  ZnS 
and  non- As-terminated  Si(lll)  [1].  This  difference  in  the  conduction  band  offset  is  partly  due  to  the 
substrate  orientation.  Also,  some  of  the  difference  may  be  due  to  a  modification  of  the  interface  dipole 
charge  caused  by  the  As  monolayer. 

To  understand  the  bias  (in)dependence  of  the  extracted  activation  energy  we  performed  capacitance- 
voltage  (C-V)  measurements  on  the  above  devices.  The  C-V  data  were  noisy  and  hysteretic.  Also  the  data 
for  the  devices  characterized  above  showed  no  evidence  of  electron  accumulation  at  the  ZnS/Si  interface. 
The  hysteresis  in  the  C-V  signified  field-driven  transfer  of  charge  within  the  ZnS,  i.e.  mobile  ions  or 
trapped  electrons  in  the  ZnS.  Electron  traps  in  the  ZnS  would  account  for  the  lack  of  image-force  barrier 
lowering  in  Fig.  3,  which  should  be  roughly  50  meV  when  2  V  is  applied  across  the  ZnS.  If  traps  were 
in  the  ZnS,  and  the  ZnS  charged  negatively  when  current  flowed,  then  the  electric  field  at  the  ZnS/Si 
interface  (causing  barrier  reduction)  would  have  been  smaller  than  the  trap-free  case.  Our  inability  to 
measure  an  accumulation  capacitance  in  these  devices  is  consistent  with  our  hypothesis  that  there  is  no 
significant  electric  field  at  the  ZnS/Si  interface  even  under  bias  (shown  schematically  in  Fig.  3). 

To  confirm  that  the  activation  energy  represents  an  interface  property  and  not  a  bulk  transport 
property  of  the  ZnS,  additional  metaiyZnS/As(lML)/Si  devices  were  fabricated  in  an  identical  manner, 
but  with  Au  electrodes.  Previous  work  has  determined  the  Au/ZnS  Schottky  barrier  height  to  be  1.2  eV 
larger  than  the  Al/ZnS  Schottky  barrier  height  [4].  Temperature  dependent  measurements  on  these 
Au/ZnS/ As(lML)/Si-n  showed  that,  consistent  with  our  interface-barrier-limited  current  model,  a  large 
(~20x)  reduction  in  current  was  observed  as  plotted  in  Fig.  4  (only  forward  sweep  data  are  shown).  The 
asymmetry  in  the  J-V  characteristic  is  also  consistent  with  our  model  of  Schottky  emission.  A  well- 


Fig.  3.  Extracted  activation  energies  in 
AI/ZnS/As(lML)/Si  diodes. 


Fig.  4.  Temperature  dependence  of  the 
current  densities  through  Au/ZnS/As(lML)/Si 
diode.  The  inset  shows  the  extracted  activation 
energies  as  a  function  of  bias. 
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defined  activation  energy  (see  inset  of  Fig.  4)  exists 
only  for  positive  gate  voltages  greater  than 
approximately  0.6  V  where  it  starts  to  level-off 
around  1.0  eV.  This  value  for  the  ZnS/Si  barrier 
height  agrees  with  the  value  for  devices  with  Al 
electrodes.  For  negative  biases,  defect  transport 
processes  dominate  any  bulk  emission  over  the  large 
Au/ZnS  barrier  height.  Figure  4  shows  that  these 
defect  processes  do  not  have  a  single  well-defined 
activation  energy. 

4.  Conclusions 

The  Al/ZnS/As(lML)/Si-n  heterostructure  was 
found  to  be  characterized  by  a  ZnS/Si  conduction 
band  offset  AE^.  =  1.00+.04  eV,  and  a  Al/ZnS 
Schottky  barrier  height  of  1.02+0.04.  C-V 
measurements,  /-V  hysteresis,  and  the  lack  of  a  reduction  in  the  barrier  height  due  to  image  force 
lowering  (expected  to  be  =  50  meV  at  a  bias  of  2  V)  suggests  that  there  are  traps  in  the  ZnS  that  charge 
negatively  under  bias.  Figure  5  is  a  schematic  of  the  proposed  energy  band  diagram  for  the 
Al/ZnS/As(lML)/Si-n  heterostructure.  The  approximately  1  eV  ZnS  barrier  heights  to  Al  and  Si,  being 
much  larger  than  kT  at  room  temperature,  are  encouraging  for  the  use  of  ZnS  as  an  insulating  epitaxial 
barrier  for  Si  devices. 
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Abstract.  The  electrical  characteristics  and  stability  of  Pd,  Ti/Pd,  Ti/Pd/Au  and  Pd/Ti/Pd/Au  ohmic 
contacts  to  p-  and  n-doped  Ino  ssGao^As  have  been  investigated.  A  thin  contacting  Pd  layer  has  been  found 
to  be  crucial  to  the  formation  of  a  low  resistance  contact  to  p*-lnGaAs.  On  the  contrary,  a  Ti  contacting 
layer  is  desirable  in  contacts  to  n*-InGaAs.  Pd(100A)/Ti(200A)/Pd(200A)/Au(2000A)  has  yielded  a  lowest 
specific  contact  resistance  (pc)  of  9.61x10'*  £2-cm^  to  p*-InGaAs  after  a  350°C-20s  anneal  and  has 
demonstrated  sufficient  stability  as  contact  to  the  thin  base  region  of  InP-based  HBTs.  The  lowest  pc  of 
2.54x10'^  O-cm^  to  n*-InGaAs  was  achieved  by  Ti(200A)/Pd(200A)/Au(2000A)  after  a  400'’C-20s  anneal. 


1.  Introduction 

Two  commonly  used  metallization  schemes  for  InP-based  heterojunction  bipolar  transistors  (HBTs) 
were  Ti/Pt/Au  for  n*-InGaAs  and  Pt/Ti/Pt/Au  for  p^-InGaAs  [1-3].  Unfortunately,  the  evaporation  of 
Pt  requires  a  high  temperature  over  a  prolonged  duration  owing  to  its  high  melting  point  (1769°C)  and 
low  vapor  pressure  (0.14pmHg).  These  could  cause  problems  such  as  in-situ  “out-gassing”  of 
impurities  within  the  evaporation  chamber  and  the  hardening  of  photoresist.  On  the  other  hand,  Pd,  a 
metal  that  possesses  electrical  properties  similar  to  Pt,  for  example  resistivity  (Pd  :  9.93pQ-cm;  Pt  : 
9.85|4n-cm)  and  workfunction  (Pd  :  4.99eV;  Pt :  5.32eV),  has  a  lower  melting  point  of  1552°C  and  a 
much  higher  vapor  pressure  of  26pmHg.  These  mean  easier  and  faster  evaporation  at  a  lower 
temperature  compared  with  Pt  which  imply  the  above-mentioned  problems  could  be  alleviated.  In 
addition,  since  both  Pd  and  Pt  are  group  Vni  transition  metals,  they  are  not  expected  to  have  very 
different  physical  and  chemical  properties.  Consequently,  it  may  be  beneficial  to  replace  Pt  by  Pd  in  a 
contact  system.  Furthermore,  several  Pd-based  metallization  schemes  [4-7]  have  been  reported  to  yield 
a  specific  contact  resistance  (pj  of  tlie  order  of  10'^  Q-cm^  to  p^-InGaAs,  Some  of  these  contacts  have 
also  demonstrated  good  thermal  stability  of  5  to  6  hours  at  400'’C  [4],  In  this  work,  we  aimed  to 
investigate  the  feasibility  of  replacing  Pt  by  Pd  in  the  Ti/Pt/Au  and  Pt/Ti/Pt/Au  contact  systems  to  p- 
and  n-doped  Ino.53Gao,47As.  We  have  also  included  the  Pd  and  Ti/Pd  contacts  in  our  studies  with  the 
objective  of  understanding  the  role  of  each  constituent  of  the  multi-layer  contact  systems. 


2.  Experiment 

The  epilayer  structure  used  comprises  a  6OOA  p^-InGaAs  layer,  a  Ipm  tf-InGaAs  layer  and  a  0.5pm  n"^- 
InGaAs  layer  followed  by  a  0.3pm  i-InGaAs  buffer  layer,  grown  lattice  matched  on  an  InP  substrate  by 
means  of  molecular  beam  epitaxy  (MBE).  The  p^-InGaAs  layer  is  Be-doped  to  a  concentration  of 
5xl0’*cm'^  while  the  n'*^-InGaAs  layer  is  Si-doped  to  a  concentration  of  5x1  o'®  cm"^.  The  p'^-  and  n  - 
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InGaAs  epilayers  constitute  a  p^n  junction  and  its  current-voltage  (IV)  characteristic  was  used  to  assess 
if  a  metal  eontact  to  p'^-InGaAs  has  enough  stability  for  implementation  on  the  thin  base  region  of  a 
HBT.  If  the  penetration  of  the  contact  metal  or  the  reaction  zone  between  the  metal  and  the  underlying 
InGaAs  exceeds  600A,  the  IV  characteristic  of  the  p^n  junction  will  deteriorate  to  a  linear  relationship. 
The  specific  contact  resistances  (pc’s)  to  the  p'’'-  and  n’'-InGaAs  layers  were  measured  by  means  of  the 
transmission  line  model  (TLM)  structure.  The  desired  metals  were  electron  beam  evaporated 
sequentially  onto  the  sample,  in  a  single  pump  down,  after  a  base  chamber  pressure  of  5x10'^  Torr  has 
been  attained.  Prior  to  loading  into  the  evaporation  chamber,  samples  were  treated  with  10%  NH4OH 
for  1  minute  to  remove  the  native  oxide  on  the  surface.  A  total  of  five  metal  contacts  were  prepared  : 
Pd(1700A),  Ti(700A)/Pd(700A),  Ti(200A)/Pd(200A)/Au(2000A),  Pd(50A)/Ti(200A)/Pd(200A)/ 
Au(2000A)  and  Pd(100A)/Ti(200A)/Pd(200A)/Au(2000A),  where  the  first  metal  in  each  sequence  is  in 
contact  with  semiconductor.  Contacts  were  deposited  simultaneously  on  p"^-  and  n'^-InGaAs.  Alloying 
of  contacts  was  carried  out  using  rapid  thermal  annealing  (RTA),  in  forming  gas  ambient,  at 
temperature  ranging  from  250°C  to  450°C  and  for  duration  between  10s  and  50s.  Anneal  temperatures 
higher  than  450“C  were  not  used  because  the  decomposition  of  InGaAs  was  no  longer  negligible. 


3.  Results  and  Discussion 

All  the  contacts  were  ohmic  as-deposited  with  smooth  surface  morphology.  The  adhesion  of  contacts 
to  InGaAs  was  good  except  for  Pd  which  peeled  off  easily  after  a  400°C-20s  anneal.  The  presence  of 
Ti  seems  to  improve  the  adhesion  as  no  peeling  was  observed  for  Ti/Pd,  Ti/Pd/Au  and  Pd/Ti/Pd/Au. 
The  Pc  of  the  following  contacts  :  Pd(1700A),  Ti(700A)/Pd(700A),  Ti(200A)/Pd(200A)/  Au(2000A) 
and  Pd(100A)/Ti(200A)/Pd(200A)/Au(2000A)  to  p'’'-  and  n'^-InGaAs  are  shown  in  Fig.l  as  a  function 
of  the  RTA  temperature.  Anneal  duration  is  20s.  The  missing  data  at  400°C  and  higher  temperature 
were  caused  by  one  of  the  following  reasons  :  contacts  have  peeled  off  or  shorting  of  metal  through  the 
6OOA  p'^'-InGaAs  layer.  In  the  latter,  although  pc  can  be  measured,  it  does  not  truly  represent  the 
contact  resistance  to  pVfriGaAs.  As  shown  in  Fig.l,  Pd  and  Pd/Ti/Pd/Au  render  a  lower  minimum  pc 
to  p’'-InGaAs  than  Ti/Pd  and  Ti/Pd/Au  for  the  anneal  temperature  range  of  250'’C  to  400°C.  It  may  be 
inferred  that  the  presence  of  a  contacting  Pd  layer  is  instrumental  to  the  formation  of  a  low  pc  to  p*- 
InGaAs.  Similar  observations  were  reported  by  P.  Ressel  et  al  [6]  and  H.  Okada  et  al  [8].  P.  Ressel  et 
al  studied  Pd/Pt  and  Ti/Pt  contacts  t  i  p^lnGaAs  and  obtained  a  lower  pc  for  the  former.  H  .Okada  et  al 
investigated  Ti/Pt/Au  and  Pt/Ti/Pt/Au  contacts  to  p’^'-GaAs  and  found  that  the  latter  gave  a  lower  pc. 
I  he  minimum  pc’s  achieved  for  Pd  and  Pd/Ti/Pd/Au  to  pVfriGaAs  are  2.18x10  **  fi-cm^  (after  a  300°C- 
20s  anneal)  and  9.61xl0‘^  Q-cm^  (after  a  350‘’C-20s  anneal)  respectively,  as  shown  Fig.l.  For  contacts 
to  n'’-InGaAs,  the  lowest  pc  of  2.54x10"’  Q-cm’  is  obtained  with  Ti/Pd/Au  after  a  400“C-20s  anneal. 
This  is  in  contrast  to  the  results  for  p^-InGaAs  where  contacts  with  Pd  adjoining  the  semiconductor 
exhibited  a  lower  pc.  It  may  be  concluded  that  different  contacting  layers  are  needed  to  achieve  low  pc 
to  p'’-InGaAs  and  n’^^-InGaAs  -  Pd  for  p^-InGaAs  and  Ti  for  n^-InGaAs.  It  is  worth  noting  that  these 
observations  are  in  line  with  the  common  contacts  used  in  InP-based  HBTs  -  Ti/Pt/ Au  to  n-InGaAs  and 
Pt/Ti/Pt/Au  to  p-InGaAs  -  which  we  try  to  replace  by  Ti/Pd/Au  and  Pd/Ti/Pd/Au  respectively. 

With  an  anneal  temperature  of  400°C  or  higher,  the  IV  characteristic  of  the  p'^n  junction,  with 
Pd  or  Ti/Pd/Au  as  contact,  became  ohmic.  This  indicated  that  either  the  contact  metal  has  diffused 
deeper  than  6OOA  into  p^-InGaAs  or  the  reaction  zone  between  the  metal  and  the  underlying  p^-InGaAs 
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Fig  1  Variation  of  Pc  as  a  function  of  RTA  temperature  for  contacts  to  p^-InGaAs  ( — )  and  n^-InGaAs 
;  (a)  ■  -  Pd(1700A),  (b)  •  -  Ti(700A)/Pd(700A),  (c)  a  -  Ti(200A)/Pd(200A)/Au(2000A)  and 
(d)  T  -  Pd(100A)/Ti(200A)/Pd(200A)/Au(2000A).  The  anneal  duration  is  20s. 

has  exceeded  the  same  thickness.  On  the  other  hand,  p'^n  junctions  with  a  Pd(100A)/Ti/Pd/Au  contact 
survived  a  400°C-20s  anneal  although  those  with  a  Pd(50A)/Ti/Pd/Au  contact  did  not.  The  thickness 
of  the  contacting  Pd  is  therefore  observed  to  be  an  important  parameter.  The  shorting  of  the  Pd  and 
Pd(50A)/Ti/Pd/Au  contacts  indicates  that  the  amount  of  Pd  present  must  be  earefully  controlled  in 
order  to  achieve  good  thermal  stability  for  the  Pd/Ti/Pd/Au  contaet.  The  improved  thermal  stability  of 
Pd(100A)/Ti/Pd/Au  over  Ti/Pd/Au  is  similar  to  that  of  Pt/Ti/Pt/Au  over  Ti/Pt/Au  reported  by  H.  Okada 
et  al  [8].  Both  Pt  and  Pd  exhibit  a  similar  behaviour  as  a  barrier  to  the  in-diffusion  of  metals.  In  the 
ease  of  Ti/Pt/Au  contact,  Ti  has  been  shown  to  form  a  complicated  reaction  zone  of  up  to  800A  with 
InGaAs  [9]  and  this  is  most  likely  the  reason  for  the  shorting  of  the  Ti/Pd/Au  contact.  After  a  450°C- 
20s  anneal,  all  the  contacts  shorted  through  the  p'^n  junction.  The  surface  morphology  also  became 
rough  and  the  colour  turned  pale.  Rough  surface  morphology  was  also  observed  by  P.  Leech  et  al  [5] 
for  Pd/Zn/Pd/Au  contacts  and  their  AES  depth  profiles  showed  a  significant  out-diffusion  of  In,  Ga  and 
As  signifying  the  decomposition  of  InGaAs. 

Fig. 2  shows  the  variation  of  pc  with  the  anneal  duration  at  a  RTA  temperature  of  350  C  for 
Ti(200A)/Pd(200A)/Au(2000A),  Pd(50A)/Ti(200A)/Pd(200A)/Au(2000A)  and  Pd(100A)/Ti(200A)/ 
Pd(200A)/Au(2000A)  to  p^-  and  n'^-inGaAs.  The  optimum  anneal  duration  is  observed  to  be  about  20s 
for  contacts  to  p’^-InGaAs,  regardless  of  the  contacting  layer.  The  minimum  pg  of  9.61x10'*  Q-cm  was 
attained  by  Pd(100A)/Ti/Pd/Au.  The  same  contact  also  yielded  the  lowest  pc  of  1.51x10'*  Q-cm  to  n"^- 
InGaAs  but  after  a  longer  anneal  of  40s.  It  can  be  seen  in  Fig.2  that  for  contact  to  n'^-InGaAs,  the 
thicker  the  contacting  Pd  layer,  the  lower  is  the  pc  and  the  longer  is  the  required  anneal  duration.  This 
seems  to  indicate  that  the  reaction  between  Pd  and  n"'-InGaAs  proceeds  with  time  and  more  reaction 
leads  to  a  lower  pc.  After  a  further  350°C-15min  anneal,  pc’s  of  Pd(100A)/Ti/Pd/Au  to  n^-  and  p^- 
InGaAs  degraded  to  the  order  of  10'^  Q-cm^.  Although  pc  has  increased,  Pd(lOOA)/  Ti/Pd/Au  did  not 
short  through  the  p'^n  junction.  It  may  therefore  be  concluded  that  the  contaet  has  sufficient  stability 
for  further  thermal  processing,  such  as  the  deposition  of  SiN*  at  350°C  for  15  mins.  Pd(100A)/Ti/Pd/ 
Au  has  also  demonstrated  the  possibility  of  a  common  contact  to  n*-  and  p'*^-InGaAs  :  a  reasonably  low 
pc  of  less  than  2.5x10'*  Q-cm^  was  obtained  for  both  types  of  InGaAs  after  a  350°C-20s  anneal,  as 
shown  in  Fig.2. 
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Fig.  2  Variation  of  pc  as  a  function  of  RTA  duration  for  contacts  to  p'^-InGaAs  ( — and  n*-InGaAs  ( - ) : 

(a)  ■  -  Ti(200A)/Pd(200A)/Au(2000A),  (b)  •  -  Pd(50A)/Ti(200A)/Pd(200A)/Au(2000A)  and  (c)  a  - 
Pd(I00A)/Ti(200A)/  Pd(200A)/Au(2000A).  The  RTA  temperature  is  SSO^C. 


4.  Conclusion 

Our  investigations  have  demonstrated  promising  results  of  replacing  Pt  by  Pd  in  the  Ti/Pt/Au  and 
Pt/Ti/Pt/Au  contacts.  Ti(200A)/Pd(200A)/Au(2000A)  has  shown  to  be  very  suited  for  n'^-InGaAs  with 
a  minimum  pc  of  2.54x10"’  D-cm’  while  Pd(100A)/Ti(200A)/Pd(200A)/Au(2000A)  has  yielded  not 
only  a  low  pc  of  9.61x10"^  D-cm’  but  also  adequate  thermal  stability  for  use  as  contact  to  the  thin  p^- 
InGaAs  base  region  of  InP-based  HBTs.  In  addition,  Pd(100A)/Ti(200A)/Pd(200A)/Au(2000A)  has 
provided  the  possibility  of  a  single  metal  system  to  both  n"^-  and  p'^-InGaAs  with  a  pc  of  less  than 
2.5x10"^  £2-cm’. 
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PtTiPtAu  and  PdTiPtAu  ohmic  contacts  to  p-InGaAs 


J.  S.  YU,  S.  H.  Kim,  T.  I.  Kim 

Samsung  Advanced  Institute  of  Technology,  P.O.  Box  111,  Suwon,  Korea  440-600 

Abstract.  lOnm  layers  of  Pt  and  Pd  were  employed  as  an  interlayer  between 
Ti(30nm)Pt(80nm)Au(200nm)  metallization  and  p-InGaAs  doped  at  l~4xl0‘*cm^  For  the  annealing 
temperatures  of  300~500°C,  the  PtTiPtAu  and  the  PdTiPtAu  metallizations  exhibited  consistently  lower 
contact  resistivities  than  the  TiPtAu  metallization.  The  effective  barriers  height  of  the  PtTiPtAu  contacts 
(0.1  leV)  was  estimated  to  be  lower  than  those  of  the  PdTiPtAu  contacts  (0.14eV)  and  the  TiPtAu  contacts 
(0.1 6eV).  The  high  work  function  Pt  lowered  the  barrier  height.  The  Pd,  on  the  other  hand,  formed  a 
favorable  interfacial  compound  when  as-deposited,  thereby  reducing  the  contact  resistivity. 


1.  Introduction 

In  a  majority  of  InP  based  optoelectronic  devices,  lno.53Gao.47As  doped  over  1x10  cm  is  used  as  a  p- 
type  contact  layer  since  it  has  the  smallest  band  gap  among  InP  lattice-matched  materials.  As  for  the  p- 
type  contact  metals,  the  TiPtAu  metallization  is,  by  far,  the  most  popular.  This  metallization  scheme 
together  with  appropriate  annealing  was  reported  to  yield  very  low  contact  resistivities  in  the  region  of 
10‘’“*f2cm^[l~3].  However,  the  InGaAs  layers  were  invariably  doped  extremely  high  i.e.  >lxl0“cm•^ 
The  only  exception  was  Katz  et  al  [4];  they  reported  a  contact  resistivity  of  3.4x1 0'®Qcm^  with  InGaAs 
doped  at  1.5xl0'W^  In  our  experience,  the  contact  resistivity  of  TiPtAu  contacts  to  p-InGaAs  doped 
at  lxl0‘’cm‘^  was  mere  4.5xlO'’Gcm^  while  the  same  metallization  formed  ohmic  contacts  to  p-GaAs 
in  the  region  of  0.4-1. IxlO'^Qcm^  The  high  contact  resistivity  with  p-InGaAs  should  be  related  to  the 
way  the  Fermi  level  pins  in  InGaAs  -  near  the  conduction  band  edge  [5].  The  n-type  barrier  height  is 
nearly  zero.  For  p-type,  it  is  nearly  the  same  as  the  entire  band-gap,  making  it  difficult  to  form  low 
resistivity  ohmic  contacts. 

The  schottky  barrier  height,  Ob  between  a  p-type  semiconductor  and  a  metal  is  the  difference  in 
their  respective  work  functions,  O,  and  Om. 

<I)b=Os-Om 

When  a  metal  with  high  work  function  is  used,  the  barrier  height  is  reduced  as  the  band  bending 
becomes  small.  Therefore,  it  would  be  possible  to  lower  the  contact  resistivity.  In  this  paper,  the  role 
of  two  high  work  function  metals,  Pt  (0„,=5.65eV)  and  Pd  (0„,=5.12eV),  was  investigated  as  an 
interlayer  between  p-InGaAs  and  TiPtAu  metallization.  The  work  function  of  Ti  is  4.33eV. 


2.  Experiment 

1 .3pm  Ino  53Gao.47As  layers  were  grown  on  Fe-doped  semi-insulating  InP  using  metalorganic  vapour 
phase  epitaxy  (MOVPE).  Three  different  Zn  doping  concentrations  -  lxl0'’cm■^  2xl0'®cm■^  4x10' W 
^  were  prepared  to  study  the  current  transport  mechanism.  Prior  to  metal  deposition,  the  InGaAs  layers 
were  treated  with  buffered  oxide  etchant  for  10  seconds  to  remove  oxides.  The  basic  metallization 
scheme  was  Ti(30nm)Pt(80nm)Au(200nm),  but  a  lOnm  Pt  or  Pd  interlayer  was  included  between  the 
TiPtAu  metallization  and  the  InGaAs.  The  results  were  compared  to  the  one  with  no  interlayer.  The 
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metallizations  were  electron-beam  evaporated  at  a  base  vacuum  better  than  SxlO  ’mbar.  The  TLM  pads, 
each  100pm  wide  and  300pm  long  were  patterned  using  a  standard  photolithographic  technique  and 
lift-off.  The  spacings  between  the  pads  were  10,  15,  20,  30  ,40,  60,  80pm.  The  contacts  were  heat- 
treated  using  a  rapid  thermal  annealer  between  300~500°C  for  30  seconds  in  a  nitrogen  ambient. 

3.  Results  and  Discussion 


The  mean  contact  resistivities  of  the  three  metallizations  are  plotted  as  a  function  of  annealing 
temperature  for  the  three  different  doping  concentrations  in  Fig.  1.  For  IxlO'^’cm^  none  of  the 
metallizations  exhibited  contact  resistivities  below  IxlO'^Qcm^.  Doping  concentrations  greater  than 
2xl0'’cm'^  were  required  to  achieve  contact  resistivities  in  the  region  of  lO’^Qcm^. 

When  a  Pd  or  Pt  interlayer  was  included  in  the  metallization,  the  contact  resistivity  was  reduced 
for  a  given  doping  concentration.  The  PtTiPtAu  contacts  generally  yielded  the  lowest  contact 
resistivity,  but  when  as-deposited,  the  contact  resistivity  of  the  PdTiPtAu  contacts  was  the  lowest.  The 
TiPtAu  contact  had  to  be  annealed  above  400°C  in  order  to  achieve  appreciable  reduction  in  contact 
resistivity.  The  PtTiPtAu  contacts  required  a  lower  annealing  temperature  i.e.  at  around  300°C  and  the 
optimum  annealing  temperature  was  350~400°C  depending  on  doping  concentration.  The  PdTiPtAu 
produced  the  lowest  as-deposited  contact  resistivity  and  could  effectively  be  used  non-alloyed 
provided  that  the  doping  concentration  is  greater  than  2xl0'’cm'^.  The  decrease  in  contact  resistivity 
upon  subsequent  annealing  was  small,  the  contact  resistivity  remaining  within  3-4x10  '’  Dcm^  over 
300~500'’C  for  the  doping  concentration  of  2xlO''’cm'’(Fig.  lb).  Compared  to  the  previously  reported 
PdPt  non-alloyed  contacts,  for  which  the  optimum  aimealing  temperature  was  tightly  confined  around 
300°C  [1],  the  PdTiPtAu  contacts  should  satisfy  wider  processing  requirements  and  have  superior  long 
term  reliability. 

The  reduction  in  contact  resistivities  when  the  doping  concentration  was  increased  from  IxlO'^cm'^ 
to  2xl0”cm'^  was  about  one  order.  However,  the  reduction  when  the  doping  was  increased  firom 
2xl0'®cm'^  to  4xl0'’cm'^  was  only  about  half  for  the  PtTiPtAu  contacts  and  even  less  for  the  other 
contacts.  If  the  tunnelling  is  the  dominant  current  transport  mechanism,  the  contact  resistivity  should 
proportional  to  exp(l/Vn),  where  n  is  the  doping  concentration  [6].  To  estimate  the  extent  of  tunnelling, 
the  characteristic  energy,  Eoo  was  calculated  and  compared  to  kT,  where  k  is  the  Boltzmann's  constant 
and  T  is  temperature  in  Kelvin. 
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Fig.  1  Mean  contact  resistivities  of  the  three  metallizations  are  plotted  as  a  function  of  annealing  temperature.  The  doping 
concentration  of  InGaAs  are  a)  IxlO’^cm'^  b)  2xl0’’cm'^and  c)  4xl0'®cm’’ 
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Eoo  is  defined  as  below. 


q-h  n 
2  \(m*  £) 


q  is  the  electronic  charge;  ^is  the  Planck’s  constant  divided  by  2n;  m*  is  the  effective  mass  of 
tunnelling  hole;  and  e  is  the  dielectric  constant  of  InGaAs.  Using  m’=0.46mo  and  e=13.1so  [7],  the 
Eoo/kT  values  were  calculated  to  be  1.85  for  n=lxlO‘’cm'^,  2.61  for  n=2xl0'’cm‘^  and  3.70  for 
n=4xl0’’cm'l  Tunnelling  is  dominant  only  if  Eoo/kT»l,  which  was  not  the  case  here.  For  p-type 
InGaAs  doped  at  low  lO'^cm^  the  current  transport  mechanism  is  likely  to  be  thermionic  field 
emission.  Assuming  that  the  metal-semiconductor  interface  is  identical  microstructurally  regardless  of 
doping  concentration  for  a  given  annealing  temperature,  isothermal  contact  resistivity  was  plotted 

against  ^  V” '  eotACfio  /  iT))  metallization  in  Fig.  2.  The  PtTiPtAu  metallization  conformed 

to  the  thermionic  field  emission  model  well  except  that  annealed  at  500°C.  In  the  cases  of  the  TiPtAu 
contacts,  the  as-deposited  specimens  and  those  aimealed  below  400°C  deviated  iiom  the  model  at  the 
high  doping  concentration.  As  for  the  PdTiPtAu,  the  contacts  annealed  below  450°C  gave  poorer  fits. 
However,  the  overall  fit  was  better  than  the  tunnelling  model. 

The  log  slope  of  contact  resistivity  against  ’  coth^E^o  /  kT) )  jg  ^  fimction  of  the  barrier 

height.  The  gradients  of  the  slopes  did  not  decrease  as  annealing  temperature  increased,  indieating  that 
the  reduction  in  contact  resistivity  did  not  involve  changes  in  barrier  height.  From  the  average  gradient 
of  each  metallization,  the  effective  barrier  height  was  ealeulated.  The  PtTiPtAu  contacts  had  the  lowest 
barrier  height  of  0.1  leV  followed  by  0.1 4eV  of  the  PdTiPtAu  contacts  and  0.1 6eV  of  the  TiPtAu 
contacts.  From  the  difference  in  the  effective  barriers,  it  can  be  concluded,  for  the  PtTiPtAu  contacts, 
that  the  high  work  function  Pt  interlayer  had  the  desired  effect  of  lowering  the  contact  resistivity  but 
for  the  PdTiPtAu  contacts,  it  was  less  conclusive. 

While  the  current  transport  mechanism  may  indeed  be  of  thermionic  field  emission,  other  factors 
such  as  microstructural  reactions  at  the  metal-semiconductor  interface  may  play  an  important  role  in 
the  case  of  the  PdTiPtAu  contacts.  When  transmission  electron  microscopy  was  performed  on  the  as- 
deposited  PdTiPtAu  contacts,  an  interfacial  layer  was  observed  (Fig.  3).  The  layer  thickness  was 
approximately  50nm,  thin  enough  for  most  optoelectronic  applications.  Although  the  exact 
composition  was  not  identified,  there  have  been  reports  that  Pd  forms  metastable  compounds  with  the 
semiconductor  i.e.  PdxInGaAs  [8].  This  compound  is  supposed  to  be  metastable,  but,  to  break  it  down, 
a  third  species  is  required  to  interact  with  Pd.  Ti  seemed  stable  in  this  respect. 


Fig.  2  Contact  resistivity  variation  of  each  metallization  with  InGaAs  doping  concentration  is  plotted  according  to  the 
thermionic  field  emission  model  a)TiPtAu  b)  PdTiPtAu  c)  PtTiPtAu 
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Fig.  3.  Cross  Sectional  TEM  micrograph  of  the  as-deposited  PdTiPtAu  contacts  to  p-InGaAs 


The  layer  was  found  to  be  intact  when  annealed  at  350°C.  This  may  explain  why  the  contact  resistivity 
varied  little  with  annealing  temperature.  As  for  the  PtTiPtAu  contacts,  the  as-deposited  metal- 
semiconductor  interfaces  was  clean,  but  an  interfacial  layer  was  also  observed  when  annealed  at  350°C. 
The  thickness  was  approximately  the  same  as  that  of  the  PdTiPtAu  contacts.  It  was  concluded  that  the 
reduction  in  contact  resistivity  upon  aimealing  was  related  to  changes  in  contact  microstructures. 


4.  Conclusions 

The  role  of  Pt  and  Pt  interlayers  in  the  TiPtAu  contacts  to  p-lnGaAs  was  studied  as  a  function  of 
annealing  temperature  and  of  the  p-InGaAs  doping  concentration.  The  Pt  lowered  the  effective  barrier 
height  due  to  its  high  work  function.  As  for  the  Pd,  the  effective  barrier  height  alone  could  not  explain 
the  improvement  in  contact  resistivity.  The  formation  of  a  favorable  interfacial  compound  even  when 
as-deposited  should  also  be  taken  into  account. 
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Abstract  The  ptecutsor  fitr  the  W  CVD  on  GaAs  used  is  W(CX))t  The  CMilact  resistance  in  W/GaAs  is  obtained  by  the 
transmission  line  measutements  of  patterned  W  on  heavify  doped  GaAs  grown  by  MLE.  The  dqjendenoe  of  the  oonlact  iBsistaiKE 
OTi  the  sm&ce  treatment  pior  to  the  W  CVD  is  also  slucfied  Banier  hei^  of  W/GaAs  stmcture  is  measured  try  the  tenperatuie 
dqrendenoe  of  I-V  charaaeristics  in  refeienoe  to  the  contact  resistance.  The  W/GaAs  interfeoe  is  anatyzed  using  SIMS  and  RBS. 
Contact  resistance  rf  rron-allojed  structure  achieved  are  3x10"’  Clarf  fer  tvlype  GaAs  and  bdow  5x10^  Orf  fcr  pfype 
respectively.  From  the  pl^sical  analyses,  the  tttbied  layer  in  W/GaAs  inter&ce  is  estimated  less  than  20A. 


1.  Introduction 

In  recent  year^  the  active  region  of  the  last  semiconductor  devices  is  localized  in  atomic  scale  and  the  thin  layered 
stmcture  is  required  with  atomic  accuracy(AA).  In  sudi  &st  devices,  the  metal/semiconductor  contacts  limit  net  operating 
speed.  In  addition,  the  conventional  alloyed  contact  cannot  be  ^lied  for  sudi  thin  layered  stmctirres.  Therefore,  low 
resistivity  metal/semiconductor  contact  formed  at  low  temperature  with  thin  mixed  layer  has  been  urgently  required, 
W/GaAs  contacts  were  found  stable  up  to  SOOT.  This  tonpaature  is  higha  than  used  for  selective  regrowth  with  the 
molecular  l^er  epitaiq'  (MLE)  for  the  lOOA  channel  GaAs  static  induction  transistor  (SIT)  [1].  Sputtaing  was 
commonly  used  for  W  deposition  Howeva,  it  can  result  in  gaiaation  of  defects  in  thin  active  semiconduaor  layers. 

In  this  report  we  present  CVD  W  suitable  for  uhia-thin  devices.  The  contact  resistance  in  W/GaAs  is  shown  as  a 
fonction  of  surfoce  stoichiometry  by  using  the  transmission  line  measuremarts  (TLM)  on  heavily  doped  GaAs  grown  by 
MLE,  Bartia  haght  ofW/GaAs  is  studied  in  refaence  to  lowaing  the  contact  resistance.  The  W/GaAs  interfice  and  the 
impurity  profiles  in  MLE  GaAs  layers  are  measured  by  secondary  ion  mass  spectrometry  (SIMS).  Ruthaford 
backscattaing  spectroscopy  (RBS)  is  used  to  study  the  structural  properties  of  W/GaAs  inter&ce. 

2.  Experiments 

The  precursor  for  the  W  deposition  on  GaAs  used  is  W(CO)6.  The  W  layers  were  deposited  in  the  MLE  reactor  [2], 
Prior  to  the  W  CVD,  oxides  wae  removed  fi-om  GaAs  sur&ce,  in  the  deposition  chaniba,  by  exposing  to  AsHs  below 
480°C.  Oxides  are  chemically  reduced  with  this  process  ratha  than  phyacally  ev^tated[3].  Immediatefy  afta  oxide 
reduction,  W(CO)6  was  iryected  continuously  at  360°-400°C  with  the  pressure  of  1 5  mTorr.  GaAs  sur&ces  were  heated 
with  a  halogen  lamp  lexated  ova  the  wafer. 

The  contacts  to  n-type  MLE  GaAs  layas  doped  with  Te  on  saiiinsulating  undoped  (100)  GaAs  were  studied.  The 
MLE  layers  wae  grown  with  triefiiylgallium  (TEG)  and  AsHj  precursors,  DiethyheHurium  (DETe)  was  used  for  doping. 
P  type  MLE  layas  wae  doped  with  Zn  ffom  dietltylzinc  (DEZn)  or  with  C  fiom  trimetl^gallium[4] .  W/GaAs  contacts 
were  evaluated  by  a  tiansmisaon  line  method  (TLM)  wilh  the  SiN  pattaned  stmcture.  By  using  SiN  remote-plasma 
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dqx)sition  and  twostq)  etching  process,  the  process-induced  defects  in  W/GaAs  interface  wae  sa^  avoided  in  TLM 
febricafion  process.  Wet  dching  with  NH40H:H2Q2:H20  was  used  for  patterning  of  the  W  layers. 

The  Schottky  bania-  bd^  of  W/GaAs  contacts  were  estimated  by  using  temperature  dependence  of  the  I-V 
diaracteristics.  By  the  following  equation,  the  barrier  hdghts  (j)bwere  calculated. 

Js = A*t^exp(-<()b/kT) 

where  Js  is  the  saturation  current  daisity,  A*  is  the  effective  Richardson  constant,  T  is  the  measuranent  temperature,  k  is 
the  Boltzmann  constant,  Vais  the  applied  voltage,  (|)b  is  the  Schottky  banier  height. 

The  impurity  proffles  in  MLE  layers  were  obtained  by  SMS.  A  primary  sputtering  beam  of  Cs  and  O  ion  with  IkeV 
for  n^alive  and  positive  SMS  were  used,  respectively.  W/GaAs  interfece  profiles  wae  analyzed  by  time  of  flight  (TOF) 
SMS,  in  which  the  sputtering  beams  of  Ar"^  of  IkeV  were  used  to  minimize  a  mixing  effect  for  high  depth  resolution 
RBS  measurements  were  carried  out  by  the  1 .5MeV  He*  irradiatioa  W/GaAs  samples  used  for  RBS  measuremerrts 
were  the  same  as  those  for  the  bania  hei^  measurements.  Random  spectra  were  measured  by  tilting  foe  crystal  surfece 
7°  off  to  foe  <100>  axis.  Plane  dianneling  was  safely  avoided.  Angular  dependence  of  foe  backscattering  yield  was  also 
measured.  He*  dose  for  each  angular  step  used  was  200nC. 


3.  Results  and  Discussion 


The  depoation  could  be  observed  only  for  pressures  higha  than  1  xl0‘^  Torr,  for  foe  entire  tested  range  of  temperature 
360°  -  400°C.  Depoation  rate  was  about  3  A/min  on  GaAs,  like  reported  for  pyrolytic  decomposition[5].  However,  we 
can  not  exclude  some  photolytic  reactton[6] .  Although  the  GaAs  substrates  were  not  intentionally  illuminated,  the  li^it  of 
foe  halogen  heater  lamp  contained  near-UV  wavelengths.  The  W  layers  on  GaAs  observed  with  Nomar^  and  SEM 
microscopes  appeared  mirror-like.  The  layers  on  SiN  had  a  grain  structure,  similar  to  the  one  reported  prevrously[5].  The 
difeence  in  layer  morphology  between  SiN  and  GaAs  suggests  a  catalytic  properties  of  foe  GaAs  clean  surface. 

Fig.  1  shows  foe  relation  of  foe  carrier  concentration  in  MLE  layers  wifo  Te  concentration  mea^red  by  SMS.  The 
carrier  concentration  gradually  increased  over  Ixio'^cm'^  Te  concentration,  and  beyond  4xl6“cm  ,  decreased  rapidly. 
In  this  figure,  foe  specific  contact  reastance  pc  is  also  foown  as  a  fimction  of  Te  concentration  pc  strong  depended  on 
Te  concentration  and  had  a  minimum  at  tlw  peak  of  the  carria-  concentration  For  heavily  doped  semiconductors  foe 
tunnding  becomes  predominant,  and  Pc  is  detennined  by  the  fector,  e)p((t)b  /Nd"^.  The  dependence  was  differotf  fi'orn 
foe  tunneling  theory.  It  can  be  related  to  excess  Te  atoms  adjacent  to  W/GaAs  interfirce.  The  lowest  po  was  3^10  i2cm . 
This  is  the  lowest  reported  value  for  doping  concentration  in  the  range  of  lO"®  cm^.  Similar  values  were  reported  by 
Patkar,  et  al  [7],  for  molecular  beam  epitaxial  (MBE)  GaAs  doped  with  Si  as  foe  low  temperature  ^wn  cap.  The  MLE 
layers,  reported  here,  were  doped  urifoimly  and  no  passivation  layers  were  necessary.  The  febrication  process  used  was 
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dose  to  that  used  for  device  febricalion,  induding  SflSf  PE  CVD  and  ozone  ashing  for  sonicondudor  cleaning. 
unifomily  doped  top  layers  of  GaAs  is  advantageous  for  sudi  an  ^plicatioa  In  addition,  all  processes  iqxirted  here  for 
the  CVD  W  contacts  were  done  at  the  tenqxaature  bdow  48(^0,  which  is  required  for  ultra-thin  devices[l]  to  prevent 
thear  thermal  d^tadatiioa  To  achieve  of  3  -  4x  10'’'  flcm^  it  was  also  necessary  to  apply  AsHs  treatment  temperature 
bdow  480°C  for  oxide  reduction  prior  to  the  W  CVD,  as  shown  in  Ftg.2.  In  all  erqteriments,  the  CVD  tenperature  did 
not  exceed  that  of  AsHs  treatment.  The  lowest  pb  was  obtained  with  the  AsHa  treatment  at  450°C  10  s. 

The  average  value  of  the  pcfor  the  W  contacts  to  C-doped  p-GaAs  was  2x10  Don  at  acceptor  concentration 
3x  lO*®  cm'^  as  shown  in  Fig.3.  The  low  pt  value  and  low  mobility  of  p-type  layras  result  in  laige  uncertainty  of  this  value. 
The  measured  values  woe  from  almost  0  to  SxlO'*  Ocm^.  At  that  low  pt  values,  the  main  source  of  error  was  an 
absolute  accurary  of  distance  measuranoits  between  the  TLM  contacts,  which  was  0.1  pm  in  our  laboratory.  The  Pc 
extraction  accuracy  is  lost,  if  a  transfer  length  Lf={  p;  /R,)*^  becomes  comparable  to  the  contact  distance  measurement 
accuracy,  where  Rs  is  a  sheet  reastance  value.  The  obtained  Pb  for  C  dopant  was  about  1/10  smaller  than  ejqiected  from 
the  hole  concentration  measured  in  the  MLE  layer  and  literature  rqxrrts,  shown  in  Fig.3.  One  possible  reason  for  this  is 

oxide  free  interfece  of  our  layers.  The  results  ofStareev[8],  who  obtained  alow  pc  value  for  Na=  2x10®  an‘^  aftasputia, 

in-atu,  deaning  and  annealing,  indicate  importance  of  this  fector.  The  pc  value  for  Zn  dopant  was  10  times  larger,  1x10 
Qcm^,atthesameacceptor  concentration  average  of3xl0'®cm'\  than  forC.  TheW  contact  reastance  to  the  Zn-doped 
MLE  layers  corresponds  well  with  the  rqxrrted  pt  values(Fig3).  To  explain  the  difference  betweai  the  W  contacts  to  C- 
doped  and  to  Zn-doped  layas  requires  fiiitha  investigation 

Fig.4  shows  the  dependence  of  Schottky  barrier  hdghts  (jit  on  the  sutfece  treatment  condition  prior  to  the  W 
deposition  The  surfece  treatment  was  carried  out  at  480°C  for  30  min  under  various  AsHs  pressure.  W  deposition  was 
carried  out  at  380°C  for  30  min  The  sur&ce  treated  without  AsHs,  in  vacuum  5  x  lO'®  Torr,  gives  the  lowest  0.58  eV 
by  I-V  characteristics,  (jib  increases  up  to  0.8  eV  with  AsHs  pressure  at  1x10  Torr.  The  ideal  fector  of  the  Schottky 
barrier  diode  on  the  surfece  treated  without  AsHj  is  1.05,  and  that  \wth  higher  AsHi  pressure,  1.01,  indicates  that  the 
interfece  crystal  quality  depends  on  the  surfece  treatment  prior  to  the  W  depo^on  From  experiments  on  pitr  diodes 
tegrown  with  MLE  on  A^s  treated  inteifeces,  it  was  also  concluded[3],  this  treatment  afficts  crystal  stmcture  in  layers 
adjacent  to  the  interfece.  This  can  explain  the  dependence  of  the  p,  value  on  the  treatment  tanperature  though  (jib  is  as 
high  as  0.75  eV.  Possible  mechanisms  include  depletion  of  the  surfece  layers  fiom  dopant  atoms  by  thdr  eviration  or 

exchange  reactions,  as  wdl  as  modification  of  the  barrier  hei^  by  crystal  stmcture  dianging. 

Fig.5  shows  the  angular  dqrendence  of  badcscattering  yidd  of  RBS  fiom  the  surfece  W,  W/GaAs  interfecial  region 
and  the  bulk  regon  of  GaAs.  Dip  curve  was  obtained  from  the  W/GaAs  SBD  mortioned  previous  paragraph,  r^di  W 
l^er  is  deposited  on  the  GaAs  surfece  heat-treated  in  vacuum  for  30  min  just  prior  to  the  depoation  As  shown  in  Fig.5, 
the  angular  dependence  ofbackscattering  yidd  fiom  the  surfece  W  diows  clear  dip  almost  at  the  same  an^e,  where  the 
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Fig.5  Angular  dq)eDdace  of  backscattering  yield  of  RBS  from 
die  sui^  W,  die  W/GaAs  ioterfrce  and  tbe  balk  GaAa 


Fig.6  TOF-SIMS  profile  of  W/GaAs.  Surface  tre^ent  was 
carried  out  at  450®C  for  10  sec  witii  AsH3:8xlO'^oir.  W  was 
deposit^  at  380'^C  far  30min. 


underiying  GaAs  shows  <100  axial  charmding.  Thffefore,  the  W  atoms  deposited  on  GaAs  show  <100>  aligned  wdien 
the  GaAs  suifece  is  heat-treated  in  vacuum  at  480°C  for  30min  just  prior  to  the  W  deposMoa  As  shown  previously ,  the 
SB  hdght  was  lowaedwhai  the  GaAs  surfece  was  heat-treated  in  vacuum  at  480°C  compared  with  that  heated  under 
AsHa  exposure  of  1x10'^  Torr.  Whereas  the  atomic  structure  of  deposited  W/GaAs  is  not  clear  yet,  it  is  considered  that 
the  barrier  hd^  ofW/GaAs  stmcture  is  closely  rdated  with  the  atomic  alignment  of  W  on  GaAs. 

In  Fig.6,  the  W/GaAs  interfoce  profile  measured  by  TOF-SIMS  is  shown  W  to  GaAs  interfece  was  cleatfy  sqtarated, 
and  the  mixed  layerin  the  interfece  was  estimated  less  than  20A  But  strange  profile  was  seen  on  the  surface  ofW.  Ga, 
As  and  O  piled  up.  And  in  the  W  film,  O  yields  reduced,  and  also  C  (not  shown).  It  is  posable  to  explain  these  results  by  a 
surfece  unkabDity  or  a  matrix  effict,  but  it  is  necessary  to  study  details  fijrther  more. 


4.  Conclusion 

In  summary,  CVD  of  W  Corn  W(C0)6,  on  MLE  n-Qpe  l^as,  doped  with  Te,  gives  contact  resistance  pc  =  3x10"'' 
f2cm^  and  mitTor-like  layer  morptology.  The  native  oxides  can  be  reduced  with  A^j  prior  to  the  CVD.  The  Ails 
treatment  and  CVD  temperatures  should  not  exceed  480°C.  The  CVD  W  contacts  to  p-GaAs  MLE  layers  doped  with 
C  give  pc  in  the  low  range  of  10^  fLcm^,  while  for  the  Zn  dopant,  only  1  x  10'^  ficm^  was  obtained.  The  low  contact 
resistance  is  obtained  for  dectrically  active  dopant  concortration  about  one  tenth  lower  than  esqtected  fiom  fiterature 
rqxjrts.  The  mixed  layer  in  the  intalfece  was  estimated  less  than  20A  The  conditions  used  for  GaAs  MLE  and  W  CVD 
ate  suitable  for  sdf  aligning  constructions  of  uhra-thin  devices  with  regrown  qntaxial  layers. 
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abstract.  In2Se3  epitaxial  films  with  layered  structure  were  successfully  grown  on  (OOl)GaAs 

substrates  by  molecular  beam  epitaxy  (MBE).  The  layered  InjSej  films  whose  c-axis  was  oriented  in  only 
one  direction  were  obtained  by  using  slightly  misoriented  (OOl)GaAs.  Furthermore,  electrical  and  optical 
anisotropy  were  observed  in  the  layered  102803  fibns.  Conductivity  of  the  layered  102803  epitaxial  films  in 
a-axis  was  found  to  be  much  larger  than  that  in  c-axis.  Besides,  absorption  coefficient  of  the  layered  103863 
films  for  the  light  polarized  toward  c-axis  was  found  to  be  larger  than  that  toward  a-axis. 


1.  Introduction 

1112- VI3  compound  semiconductors  such  as  602863  and  103863  have  unique  properties  originated 
from  their  crystal  structures.  For  example,  632803  has  a  defect  zincblende  structure.  This  structure  is 
basically  a  zincblende  structure,  but  1/3  of  cation  sites  are  vacant.  Up  until  now,  we  investigated  the 
molecular  beam  epitaxial  (MBE)  growth  of  602803  films  on  (001)6aAs  and  (001)6aP  substrates,  and 
it  was  found  that  a  spontaneous  superstructure  was  formed  by  the  ordering  of  the  native  6a  vacancies 
and  that  the  large  optical  anisotropy  was  observed  in  the  vacancy-ordered  602863  films  [1-6]. 

On  the  other  hand,  In2Se3  has  two  types  of  crystal  structure,  i.e.,  layered  structure  (a-phase)  and 
defect  wurtzite  structure  (y-phase).  The  layered  structure  consists  of  rather  loose  stack  of  covalently 
bonded  layers,  including  five  atomic  layers  of  Se-In-8e-In-Se  [7].  The  layered  structure  is  considered 
to  be  a  kind  of  spontaneous  superstructure.  Therefore,  unique  properties  such  as  electrical  and  optical 
anisotropy  are  to  be  expected.  Meanwhile,  the  defect  wurtzite  structure  is  basically  a  wurtzite  structure 
but  1/3  of  cation  sites  are  vacant.  In  this  structure,  it  was  reported  that  the  In  vacancies  took  screw 
arrangement  and  that  large  optical  rotary  power  was  observed  [7-9]. 

Until  now,  we  investigated  the  MBE  growth  of  112803  films  and  epitaxial  films  with  the  layered 
structure  based  on  the  zincblende  structure  were  successfully  grown  on  exact  (001)6aAs  substrates. 
[10].  However,  the  c-axis  direction  of  the  layered  112803  films  was  perpendicular  to  two  directions: 
[Til]  and  [ITI]  direction.  In  this  paper,  we  reported  the  growth  of  the  layered  112863  epitaxial  films  on 
slightly  misoriented  (001)6aAs  substrates  for  the  conlol  of  the  c-axis  orientation.  Furthermore,  we 
report  on  electrical  and  optical  anlsolopy  of  the  layered  112803  epitaxial  films  for  the  first  time. 
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Fig.  1  Measurement  system  for  conductivity  of  the  layered  In2Se3  films. 


2.  Experimental  Procedure 

In2Se3  films  were  grown  by  MBE  technique  on  SI-(001)GaAs  substrates  slightly  misoriented 
toward  [TlO]  by  2°  to  control  c-axis  orientation.  Growth  temperature  was  varied  in  a  range  of  400°C 
to  480°C.  In  beam  equivalent  pressure  (BEP)  was  fixed  at  4xlO'’Torr  and  VWn  ratio  was  kept  at  10. 
Before  being  inserted  into  the  MBE  system,  the  GaAs  substrates  were  degreased,  and  chemically 
etched  in  a  3:1:1  H2S04:H202:H20  solution  at  60°C  for  l.Smin.  After  acid  etching,  the  GaAs 
substrates  were  heated  at  570°C  for  ISmin  in  the  growth  chamber  to  remove  surface  oxides.  Growth 
rate  was  around  600nm/h.  Surface  morphology  and  cross-sectional  image  were  observed  by  scanning 
electron  microscopy  (SEM).  We  measured  conductivity  in  both  directions  toward  [110]  (a-axis  of  the 
layered  In2Se3)  and  [ITO]  (c-axis).  Measurement  system  was  shown  in  Fig.l.  Two  A1  electrodes  with  a 
gap  of  around  SOprn  were  formed  on  the  In2Se3  films  by  vacuum  evaporation  technique.  Besides,  we 
measured  wavelength  dependence  of  photoconductivity  of  the  In2Se3  films  for  the  lights  polarized 
toward  [110]  and  [iTO]. 


3.  Results  and  Discussion 

3. 1  Molecular  Beam  Epitaxial  Growth  of  the  layered  In2Se3  films  on  slightly  misoriented  (OOl)GaAs 
substrates 

First  of  all,  we  attempted  the  growth  of  the  layered  ln2Se3  epitaxial  films  on  slightly  misoriented 
(OOl)GaAs  substrates  for  the  control  of  the  c-axis  orientation.  Fig.2  shows  surface  morphology, 
(1 10)cross-sectional  image  and  schematic  drawing  of  (110)  cross-sectional  view  of  the  layered  102863 
epitaxial  film  on  slightly  misoriented  (OOl)GaAs  substrate.  In  the  surface  morphology,  a  lot  of  lines 
parallel  to  the  [1 10]  direction  are  observed.  This  suggests  that  a-axis  of  the  layered  In2Se3  is  parallel  to 
[110]  direction.  Furthermore,  in  the  cross-sectional  image,  the  c-axis  direction  of  the  layered  102863 
epitaxial  film  is  found  to  be  perpendicular  to  one  direction:  [Til]  direction.  From  this  result,  it  was 
successfully  demonstrated  that  the  orientation  of  the  layered  In28e3  epitaxial  films  could  be  controlled 
by  the  substrate  orientation. 


185 


Fig.2  (a)Surface  morphology,  (b)(l  10)cross-sectional  image  of  the  layered  1112863  film  on  slightly  misoriented 
(OOl)GaAs  substrate,  and  (c)schematic  drawing  of  (1 10)eross-sectional  view  of  the  layered  InaSes  film. 


3.2  Electrical  Anisotropy  of  Layered  In2Se3  Epitaxial  Films 

Fig.3  shows  dark  conductivity  of  the  layered  In2Se3  films  measured  at  room  temperature  (RT).  The 
films  were  grown  for  Ih  and  the  thickness  was  around  600nm.  The  conductivity  of  the  layered  102803 
epitaxial  films  was  independent  of  the  growth  temperature.  However,  an  anisotropic  feature  was 
observed  in  the  conductivity.  The  conductivity  in  [110]  (a-axis)  direction  is  much  larger  than  that  in 
[ITO]  (c-axis)  direction  for  any  film.  This  result  indicates  that  the  mobility  in  a-axis  direction  is  much 
higher  than  that  in  c-axis.  The  anisotropy  of  the  conductivity  is  probably  attributed  to  the  carrier 
confinement  by  van  der  Waals  gaps  of  the  layered  structure. 

3.3  Optical  anisotropy  of  Layered  In2Se3  Epitaxial  Films 

Fig.4(a)  shows  wavelength  dependence  of  photoconductivity  of  the  layered  102863  epitaxial  film 
measured  at  RT,  The  film  was  grown  at  430°C  for  Ih.  The  conductivity  was  measured  in  a-axis 
direction.  The  wavelength  dependence  of  photoconductivity  of  the  polycrystalline  In2Se3  film  with  the 
defect  wurtzite  structure  on  glass  substrate  is  also  shown  in  Fig.4(b).  The  film  was  grown  at  500°C 
and  the  film  thickness  was  around  3pm.  In  the  layered  102863  film,  the  photoconductivity  increases  at 
around  900nm.  From  the  spectra,  the  bandgap  of  the  layered  102863  is  roughly  estimated  as  around 
1.4eV,  which  is  almost  the  same  as  the  reported  bandgap  [1 1,12].  A  peak  located  at  around  880nm  is 
due  to  the  absorption  in  the  GaAs  substrate.  On  the  contrary,  the  photoconductivity  of  the 
polycrystalline  7-102863  film  increases  at  shorter  wavelength  than  that  of  the  layered  102863  films. 
This  result  indicates  that  the  bandgap  of  102803  with  defect  wurtzite  structure  is  larger  than  that  of  the 
layered  102863.  It  was  reported  that  the  bandgap  of  the  7-102803  was  2.0eV  [13],  but  it  is  roughly 
estimated  as  around  1.7eV  from  Fig.4(b).  Furthermore,  in  the  layered  102863  film,  photoconductivity 
for  [ITO]  polarization  is  higher  than  that  for  [1 10]  polarization  in  a  range  of  700nm  to  900nm.  This 
result  suggests  that  absorption  coefficient  for  the  light  polarized  toward  c-axis  is  larger  than  that 
toward  a-axis  in  the  layered  102803  film. 
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Fig.3  Dependence  on  the  growth  temperature 
of  the  dark  conductivity  of  the  layered 
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Fig.4  Wavelength  dependence  of  photoconductivity  of 
the  In2Se3  films;  (a)layered  epitaxial  film 
(a-phase),  (b)polycrystalline  film  with  defect 
wurtzite  structure  (y-phase). 


4.Condusion 

In2Se3  epitaxial  films  with  layered  structure  were  successfully  grown  on  (OOl)GaAs  substrates  by 
molecular  beam  epitaxy  (MBE).  The  layered  InzSea  films  whose  c-axis  was  oriented  in  only  one 
direction  were  obtained  by  using  slightly  misoriented  (OOl)GaAs.  Furthermore,  electrical  and  optical 
anisotropy  were  observed  in  the  layered  In2Se3  films.  Conductivity  of  the  layered  In2Se3  epitaxial 
films  in  a-axis  was  found  to  be  much  larger  than  that  in  c-axis.  Besides,  absorption  coefficient  of  the 
layered  In2Se3  films  for  the  light  polarized  toward  c-axis  was  found  to  be  larger  than  that  toward  a- 
axis. 
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Bandgap  Renormalization  Studies  of  n-type  GaAs/AlGaAs 
Single  Quantum  Wells 


E.  D.  Jones,  M.  Blount,  W.  Chow,  H.  Hou,  and  J.  A.  Simmons 
Sandia  National  Laboratories 
Albuquerque,  NM  87185,  USA 

Bandgap  energy  renormalization  due  to  many  body  elfects  bas  been  studied  in  a  series  of  n-type  8-nm-wide 
GaAs/AlGaAs  single  quantum  wells  using  magnetoluminescence  spectroscopy  at  1.4K.  The  2D-carrier 
densities  varied  between  1  and  12  x  10  cm‘^.  At  the  maximum  2D-carrier  density,  the  bandgap  energy 

reduction  compared  to  an  undoped  specimen  was  found  to  be  about  34  meV, 


1.  Introduction 

In  the  last  several  years,  there  has  been  much  focus  on  bandgap  energy  renormalization  resulting  from 
many  body  effects  [1-11].  For  structures  relying  on  the  electronic  bandgap  in  heavily  doped  quantum 
wells,  e.g.,  high-power  injection  lasers,  many  body  effects  can  lead  to  bandgap  renormalization  energies 
approaching  20  to  40  meV,  i.e.,  for  GaAs/AlGaAs  systems,  the  bandgap  energy  can  change  as  much  as 
a  2%.  For  precise  laser  wavelength  control,  a  knowledge  of  the  bandgap  energy  versus  carrier  density  is 
mandatory. 

In  this  paper,  we  present  a  study  of  the  bandgap  renormalization  as  a  function  of  the  2D-carrier  den¬ 
sity  for  a  series  of  modulation  doped  n-type  8-nm-wide  GaAs/AlGaAs  single  quantum  wells.  We  use  an 
unambiguous  method  for  obtaining  accurate  bandgap  energies  by  measuring  the  photoluminescence 
spectrum  as  a  function  of  magnetic  field.  With  the  application  of  external  magnetic  fields,  Landau 
energy  levels  are  formed  and  the  energy  of  the  PL  transition  for  each  Landau  level  energy  is  shifted  lin¬ 
early.  Extrapolating  the  magnetoluminescence  “Fan”  diagram  to  zero  magnetic  field  yields  the  true 
bandgap  energy  without  complications  of  spectral  shifts  in  the  zero-field  PL  line  shape  [12]. 

2.  Experimental 

The  modulation  doped  GaAs/AlGaAs  SQW  structures  were  prepared  using  metal  organic  vapor  phase 
epitaxy.  All  samples  were  grown  on  semi-insulating  (100)  GaAs  substrates.  An  undoped  l-|am-thick 
GaAs  epilayer  was  grown  on  top  of  the  substrate  and  on  top  of  this  GaAs-epilayer,  a  single  8-nm-wide 
GaAs  quantum- well  was  placed  between  100-nm-wide  AIq joGa^)  jqAs  barriers,  followed  by  an  uninten¬ 
tionally  doped  5  nm  thick  GaAs  cap  layer.  The  top  AlGaAs  barrier  layer  was  delta-doped  30  nm  from 
the  GaAs  quantum  well,  with  silicon  densities  in  the  range  between  0.5  and  2.5  x  lo’*  cm"^.  For  abso¬ 
lute  calibration  of  the  bandgap  energy  reduction,  an  unintentionally  doped  structure  was  also  prepared 
in  the  same  manner.  The  growth  temperature  for  all  layers  and  stmctures  was  750C. 

The  magnetoluminescence  measurements  were  made  at  1.4K,  and  the  magnetic  field  varied  between 
0  and  14  tesla.  The  luminescence  measurements  were  made  with  an  Argon-ion  laser  operating  at  514.5 
nm  and  an  IEEE-488-based  photon  counting  data  acquisition  system.  The  direction  of  the  applied  mag¬ 
netic  field  is  parallel  to  the  growth  direction,  i.e.,  the  resulting  Landau  orbits  are  in  the  plane  of  the 
GaAs  quantum  well.  The  laser  excitation  and  sample  PL  signal  were  respectively  brought  in  and  carried 
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out  along  the  same  100-nm-diameter  optical  fiber.  The  fiber  tip  was  placed  directly  on  the  sample  and 
the  resulting  maximum  laser  power  density  on  the  sample  was  about  1  W/cm^. 

The  2D-carrier  densities  were  determined  by  two  different  methods,  magnetoluminescence  and  low 
temperature  transport  measurements.  The  magnetoluminescence  method  notes  when  each  Landau  level 
and  hence  each  interband  transition  disappears  from  the  PL  spectrum.  The  transport  method  relies  on  an 
analyses  of  Shubnikov-deHaas  oscillations  in  the  conductivity,  but  essentially  provides  the  same  infor¬ 
mation  as  PL  method  by  recording  the  magnetic  field  and  filling  factor  v  when  the  Fermi  energy  lies 
half-way  between  two  adjacent  Landau  levels,  one  filled  and  one  empty.  These  two  different  measure¬ 
ment  techniques  for  gave  similar  results  for  the  2D-carrier  density. 

3.  Results  and  Discussion 

The  L4-K  zero-field  PL  spectrum  for  a  N2D  =  8.2  x  lo'  *  cm"^  sample  (#EMC-2218)  is  shown  in  Fig.  1. 
The  bandgap  energy  Eg^p  =  1557.6  meV  is  indicated  in  the  figure  and  it  is  apparent  that  the  energy  of 
the  peak  intensity  of  the  PL  spectrum  at  1563  meV  is  shifted  above  the  bandgap  value,  i.e.,  the  spectral 
shift  is  6  meV.  The  PL  line  shape  for  degenerate  quantum  wells  will  not  be  discussed  here,  but  the 
reader  is  referred  to  [12]  where  it  has  been  treated  in  detail.  The  high  energy  shoulder  near  1590  meV  is 
due  to  transitions  near  the  Fermi  energy  Ef.  Also  shown  in  the  figure  is  the  energy  E’  =  1585.7  meV  for 
the  undoped  structure  where  the  effective  Rydberg  for  an  8-nm-wide  quantum  well  [13]  has  been  added 
to  the  observed  PL  energy.  Thus,  for  this  sample,  where  N2D  =  8.2  x  lo"  cm‘^,  the  bandgap  energy 
reduction  is  nearly  20  meV. 

A  free  particle,  with  mass  m  and  charge  e,  moving  in  a  magnetic  field  B  forms  quantized  states, 
Landau  levels,  with  an  energy  E  =  (n  -I-  l/2)(eftB/mc)  =  (n  +  1/2)^C0  (cgs  units)  where  n  is  the  Landau 
level  index,  ^  is  Planck’s  constant  over  2n,  c  is  the  velocity  of  light,  and  ^co  is  the  quantized  cyclotron 
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Figure  I .  Zero-field  1 .4K  PL  spectrum  for  an  8-nm-wide  n- 
type  GaAs/AlGaAs  single  QW.  The  bandgap  energy  for  the 
undoped  quantum  well  is  labeled  E’  and  Eg^p  =  1557.6  meV 
is  bandgap  energy  from  the  magnetoluminescence  “Fan” 
diagram  shown  in  Fig.  3. 


Figure  2.  The  magnetoluminescence  spectrum  at  8  tesla  anc 
L4K  for  the  zero-field  spectrum  shown  in  Fig.  1.  The  2D- 
carrier  density  is  N2d  =  8.2x  10^'  cm'^.  The  Landau  transi¬ 
tion  indices  n^  «->  ny  for  each  transition  are  indicated  above 
their  respective  peak  energies. 
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energy.  The  distribution  function  for  a  degenerate  2D-electron  gas  (conduction-band  states  for  a  n-type 
material)  is  based  on  Feimi-Dirac  statistics,  but  because  of  the  very  small  2D-density  of  photo-induced 
hole-states,  the  distribution  for  the  valence-band  holes  are  governed  by  Maxwell-Boltzmann  statistics. 
For  temperatures  where  kT  is  much  larger  than  valence-band  cyclotron  energy  the  n^  =  0,  1,2,  ... 
valence-band  Landau  levels  are  populated  and  all  magnetoluminescence  transitions  between  the  n,,  and 
n^  Landau  levels  obey  the  Sn^  =  (Hc  -  n^)  =  0  selection  rule.  Because  of  heavy-hole  light-hole  valence- 
band  mixing  for  an  8-nm-wide  GaAs  quantum  well,  the  ground  state  in-plane  valance-band  masses  are 
“heavy”  (and  nonparabolic)  and  hence  the  condition  that  kT  >  fttOy  is  satisfied  at  1.4K  [14].  The  inter¬ 
band  PL  transition  energy  E  is  thus  given  by 


where  Eggp  is  the  bandgap  energy,  |t,  is  the  reduced  mass  ()!“'  =  mj-  '-r  m^"')  where  m^.  and  m^,  are 
respectively  the  conduction  or  valence-band  effective  masses. 

Eigure  2  shows  a  magnetoluminescence  spectrum  at  8  tesla  and  1.4K  for  the  sample  whose  zero- 
field  spectrum  is  shown  in  Eig.  1 .  As  can  be  seen,  the  zero-field  spectrum  breaks  up  into  a  series  of 
peaks  whose  energies  are  given  by  Eq.  (1).  The  Landau  transition  indices  n^,  ^  n^  for  each  peak  are 
indicated  in  the  figure.  A  “Fan”  diagram  can  be  generated  by  plotting  the  energy  of  each  Landau  transi¬ 
tion  energy  (See  Fig.  2)  as  a  function  of  magnetic  field  and  this  result  is  shown  in  Fig.  3.  The  Landau 
transition  indices  n^  ny  are  indicated  and  the  lines  drawn  through  the  data  are  best  fits  of  Eq.  (1)  to  the 
data.  The  ratio  of  the  slopes  are  nearly  1:3:5:7  as  predicted  by  Eq.  (1).  The  bandgap  energy  Eg^p  can  be 
uniquely  determined  from  a  straight  line  zero-field  extrapolation  of  the  lines  shown  in  Fig.  2  with  the 
result,  Egap  =  1557.6  meV. 


Figure  3.  Magnetoluminescence  “Fan”  diagram  for  the 
1.4K,  N2D  =  8.2  X  10^^  cm‘^,  data.The  Landau  transition 
indices  n^  ny  for  each  transition  are  indicated.  The  lines 
are  a  best  of  Eq.  (1)  to  the  data  and  the  bandgap  energy  is 
1557.6  meV.  The  slope  ratio  of  the  lines  is  nearly  I:3:5:7. 


^2D  ^  ^  cm-2] 

Figure  4.  The  energy  difference  AE  between  the  undoped 
bandgap  energy  and  the  renormalized  bandgap  energy  due 
to  many  body  corrections.  The  curve  through  the  data  is 
given  by  Eq.  (2). 
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For  all  of  the  n-type  samples,  magnetoluminescence  “Fan”  diagrams  similar  to  the  one  shown  in 
Fig.  3  can  be  made  using  the  above  described  procedures.  The  bandgap  energy  reduction  AE  for  each 
sample  can  then  be  calculated  by  subtracting  the  magnetoluminescence  determined  bandgap  energy 
Egap  from  the  undoped  bandgap  energy  E  shown  in  Fig.  1. 

From  Schmidt-Rink  et.  al.  [2,5],  the  size  of  the  bandgap  energy  renormalization  due  to  many  body 
effects  can  be  calculated  from  the  expression 


A£  =  -3.l(lVa“j  E  , 


(2) 


where  AE  is  the  difference  in  energy  between  the  bandgap  energy  of  the  undoped  and  n-type  samples,  N 
is  the  2D-carrier  density,  Oq  is  the  bohr  radius,  and  E*  is  the  exciton  binding  energy.  Eor  an  80-A  QW,  E 
~  9  meV  and  ag  ~  125  A.  We  thus  expect  AE  ~  -3.2  x  10'^ 

Figure  4  shows  the  result  of  plotting  AE  as  a  function  of  the  2D-carrier  density  N2D.  The  solid  line 
drawn  through  the  data  is  a  result  of  a  best  fit  curve  given  by 


A£  = -3.22x10'^ a;”  meV.  (3) 

The  best  fit  curve  given  (Eq.  (3))  is  in  is  in  good  agreement  the  estimated  AE  ~  -3.2  x  10'^ 

In  conclusion,  we  have  shown  that  the  magnetoluminescence  technique  allows  a  direct  determina¬ 
tion  of  the  bandgap  energy  for  degenerate  quantum  well  samples.  Furthermore,  the  complications  of 
spectral  shifts  to  the  PL-peak  intensity  are  avoided  by  this  method.  Finally,  agreement  with  previously 
reported  measurements  was  found  for  the  dependence  of  the  bandgap  energy  reduction  on  the  2D-car- 
rier  density. 

Sandia  is  a  multiprogram  laboratory  operated  by  Sandia  Corporation,  a  Lockheed  Martin  Company. 
This  work  is  supported  by  the  Division  of  Material  Science,  Office  of  Basic  Energy  Science,  for  the 
United  States  Department  of  Energy  under  Contract  DE-AC04-94AL85000. 
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Wells 
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♦  Department  of  Physics,  Seoul  National  Uraversity,  Seoul  151-742,  Korea 
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@  Wireless  Comm.  Res.  Labs.,  Korea  Telecom.,  Seoul  137-792,  Korea 

Abstract.  The  Zeeman  splitting  and  diamagnetic  shift  of  heavy-hole  exciton  in  GaAs/ 
Alo.2sGao75As  multi-quantum  wells  (MQW)  were  investigated  for  various  bamer  widths  by 
magnetoluminescence  up  to  30  T  at  4.2  K.  It  is  obtained  that  the  diamagnetic  shift  is 
independent  to  the  barrier  width  (Lb),  but  the  effective  g-factor  becomes  smaller  as  Lb 
for  a  fixed  QW  width.  Also  reported  is  the  fine  splitting  due  to  the  exchange 
interaction  for  Lb  ^  50  A. 


1.  Introduction 

Spin  interaction  of  exciton  confined  in  quasi-two-dimensional  (quasi-2-D)  system  such  as 
coupled  quantum  well  (QW)  has  been  of  great  interest  in  recent  years.[l,2]  However,  most  of 
the  reports  related  to  coupled  QW  are  concentrated  on  the  double  QWs  [3,4,5]  and  little  known  is 
the  spin  interaction  in  coupled  2-D  system.  In  this  work,  multiple  QWs  (MQWs)  was  chosen  in 
the  study  of  spin  interaction  of  coupled  QWs,  because  double  QW  has  additional  complication 
with  symmetric  and  antisymmetric  sublevels  and  its  magnetic  field  (B)  dependence  is  difficult  to 
analyze.  Also,  we  have  concentrated  on  the  barrier  width  (Lb)  dependence  in  order  to  investigate 
the  coupling  effect  and  role  of  quantum  bamer. 

The  samples  used  in  this  work  are  undoped  GaAs/Alo.25Gao.75As  MQWs  of  a  fixed 
well-width  (Lz)  of  38  monolayer  (ML)  (lOOA)  and  of  different  Lb  of  10,  14,  18,  22,  28  and  38 
ML.  (The  MQW  samples  are  identified  by  Lz/Lb,  e.g.,  38/10  for  the  first  one.)  For  comparison, 
single  QW  (SQW)  of  Lz  =  38  ML,  and  MQW  of  Lz  =  18  ML  and  Lb  =  18  ML  are  also 
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prepared.  All  the  samples  are  grown  by  MBE  at  To  =  600  °C  and  are  confirmed  to  have  very 
flat  heterointerface  and  low  carrier  density  (usually  lower  than  10*'*  cm  ^).  The 
magnetoluminescence  spectroscopy  is  performed  with  an  Ar  laser  excitation  in  Faraday 
configuration  with  the  field  up  to  30T  at  LHe  temperature.  From  the  observed  Lb  dependence  of 
the  effective  g-factor  and  exchange  splitting  in  small  Lb  samples,  the  coupling  effects  and  the 
barrier  contribution  on  spin-spin  interaction  and  excitonic  interaction  are  discussed. 


2.  Data  and  Results 

Typical  spectra  are  shown  in  Fig.  1  for  the 
38/18  sample.  As  B  increases,  the  blue  shift 
is  observed,  which  often  is  called  dia¬ 
magnetic  shift  and  defined  Ed  =  F(B)  - 
E(0),  where  E(B)  is  the  peak  photon  energy 
at  B.  Along  with  this  shift,  the  two  kinds 
of  splittings  have  been  observed.  One  kind 
is  the  splitting  whose  separation  increases 
almost  linearly  to  the  field.  This  splitting 
has  been  observed  in  all  the  samples,  and  is 
identified  with  Zeeman  splitting  (ez).  The 
other  kind  is  a  fine  splitting  (tx),  which  is 
invariant  to  the  field.  It  is  only  dis¬ 
tinguishable  for  the  samples  with  small  Lb, 
that  is  for  38/10,  38/14  and  38/18.  The 
cause  of  this  splitting  will  be  discussed 
later. 


Fig.  1  Magnetoluminescence  of  38/18  MQW 


The  diamagnetic  shift  is  best  fit  with  Ed  =  PB^  for  B  ^  6  T,  and  Ed  =  qB  +  Eq  for  B 

>  6  T,  where  Eq  is  a  constant.  The  linear  increase  of  Bd  in  the  high  field  is  due  to  the 

domination  of  Landau  shift.  Typical  Zeeman  and  fine  splittings  are  summarized  in  Fig.  2  for 
38/10,  38/14  and  38/18  samples.  The  Zeeman  splitting  for  B  S:  8  T  is  best  fit  with  Ez  =  Pb  geff 
B  +  c,  where  Pb  is  Bohr  magneton  and  c  is  a  constant.  The  constant  c  is  introduced,  since  the 
Zeeman  splitting  is  quadratic  at  small  B.[6]  The  effective  g-factor  found  to  be  constant  for  BS 
10  T(See  Fig.  3),  and  this  indicates  that  the  spin-field  is  dominant.[l]  The  field  dependences  of 
Ed  and  Ez  are  summarized  in  terms  of  Q,  P  and  ge(f  in  Table  1  along  with  Ex. 

For  the  samples  of  Lz  =  38  ML,  Q  and  P  are  the  same  within  the  experimental  error  (0.1 

meV).  This  implies  that  the  effective  reduced  mass  m‘  is  invariant  to  Lb  and  little  affected  by 
the  interwell  coupling,  because  both  Q  and  P  are  inversely  proportional  to  m*  with  a  oc  i/q,.  = 
e/m*  and  P  =  (eV8m*)<x^+y^>.  The  smaller  a  and  P  observed  from  18/18  than  those  of  Lz  = 
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Fig.  2  Zeeman  and  fine  splittings  for  Fig.  3  The  effective  g-factors  for  38^10, 

38/10,  38/14,  and  38/18  MQWs  38/14,  38/18,  and  38/38  MQWs 


38ML  samples  are  consistent  with  the  increase  of  m’  by  low-D  confinement. 

It  is  the  La-dependence  of  Zeeman  splitting  that  should  be  noticed.  The  geff  seems  to 
increase  as  Lb  increases  (except  38/18).  The  magnitude  of  geit  is  known  to  be  influenced  by 
the  bandgap  energy,  valence  band  mixing  of  heavy-hole  (fiti)  and  light  hole  (W  and  the 
penetration  of  the  wavefunctions  to  the  barrier.  Since  there  is  little  bandgap  change  by  Lb  and 
no  B  dependence  of  gen  is  observed,  the  possibilities  of  the  first  two  are  ruled  out.  If  we  assume 
that  the  wave  function  penetration  to  the  AlGaAs  barrier  increases  as  Lb  decreases,  the  gen  is 
expected  to  become  smaller.[2]  The  gen  can  be  estimated  from  gem  =  r  w  gew“^  +  ra  gecw  ^ 

where  rw  and  7  b  are  the  weighing  factors  related  to  the  penetration  and  and 

are  g-factors  of  electron  (heavy-hole)  of  QW  and  quantum  barrier  materials 
respectively.  The  gen  of  Lb  =  38  ML  SQW  is  observed  to  be  2.37,  which  is  even  larger  than 
38/38.  The  observed  gen  of  this  isolated  system  also  supports  the  penetration  model. 

The  fine  splitting  observed  in  small  Lb  samples  can  be  interpreted  with  the  exchange  interaction 
of  the  electron-hole  pair.  The  observed  magnitude  of  the  splitting,  0.6-0.8  meV  is  smaller  by 
approximately  1/2  than  the  theoretically  predicted  value  for  QW[7]  but  about  2  times  larger  than 
the  bulk.[8]  The  exchange  splitting  may  be  quenched  under  the  strong  negative  crystal  field 
perturbation  of  axial  symmetry.  But,  as  the  axial  symmetry  is  lifted  with  the  penetration,  the 
electron-hole  exchange  coupling  would  be  enhanced.  In  large  B,  the  oscillator 
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Table  1  :  The  summary  of  the  diamagnetic  shift,  Zeeman  splitting  and  the  fine  splitting. 


Sample 

38/10 

38/14 

38/18 

38/22 

38/28 

38/38 

18/18 

Diamagnetic  shift 

P  (meV/T') 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.03 

Landau  shift 

a  (meV/T) 

0.63 

0.64 

0.63 

0.64 

0.64 

0.63 

0.50 

Zeeman  splitting 

geff 

1.71 

2.25 

1.78 

2.30 

2.33 

2.35 

2.57 

Fine  splitting 

Ex  (meV) 

0.6 

0.8 

0.6 

— 

— 

— 

— 

strength  of  electron  and  hole  becomes  large,  which  is  evident  from  the  narrowing  of  the  spectral 
linewidth.  The  enhancement  of  the  oscillator  strength  will  also  enhance  the  probability  of  exciton 
formation  via  interwell  coupling,  if  the  penetration  effect  becomes  significant. 


3.  Discussion 

Conclusively,  the  spin-field  and  spin-spin  interactions  in  coupled  quasi-2-D  system  have  been 
investigated  by  magneto-photoluminescence  spectroscopy  on  MQW  samples  of  varying  the 
barrier  widths  in  the  magnetic  field  B  ^  30  T  at  LHe  temperature.  The  effective  g-factor  is 
observed  to  become  smaller  as  Lb  decreases,  and  a  distinct  fine  splitting  from  spin-spin 
exchange  interaction  is  obtained  in  MQWs  of  narrow  Lb.  As  the  role  of  the  barrier  becomes 
increasing  with  increasing  wavefunction  penetration,  the  coupling  effect  becomes  significant  to 
the  spin-field  and  spin-spin  interactions  of  the  exciton. 
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Abstract.  The  result  on  magnetoluminescence  study  of  the  exciton  in  GaAs/Alo3Gao.5As 
quantum  wire  (QWR)  superlattice  grov™  on  vicinal  GaAs  substrate  are  reported.  For  30  T, 
the  diamagnetic  shift  is  7.8  meV  for  QWR  of  4  nm  wide,  while  it  is  11  meV  for  QWR  of 
8  nm  or  wider.  For  4  nm  QWR,  the  diamagnetic  shift  remains  the  same  up  to  17  T  for 
the  magnetic  field  parallel  and  angled  to  the  growth  direction.  But,  it  saturates  in  the 
angles  geometry  at  17  T  where  the  cyclotron  diameter  becomes  comparable  to  QWR  width. 
If  the  lateral  confinement  model  is  introduced  in  the  formation  of  exciton  in  QWR,  the 
saturation  can  be  interpreted  as  the  breaking  of  inter-wire  coupling. 


1.  Introduction 

The  excitonic  state  in  quantum  wire  (QWR)  has  recently  been  attracting  interest  not  only  as 
a  fundamental  issue  in  physics  but  also  for  potential  device  applications.  Even  though  the 
exciton  bound  to  imperfection  and  impurity  can  be  formed  in  the  quasi-one  dimensional  (1-D) 
structure,  the  electron-hole  interaction  and  the  dimensionality  of  the  exciton  in  pure  and 
near-perfect  QWR  are  still  little  known. 

A  direct  and  efficient  means  of  investigating  the  dimensionality  of  exciton  is  to  study 
electron-hole  interaction  under  magnetic  field  (B),  since  B  introduces  additional  confinement  in 
the  direction  as  well  as  the  orbit  of  the  electronic  motion.  In  this  work,  magneto-optical 
properties  of  QWR  have  been  examined  by  photoluminescence  (PL)  and  PL  excitation  (PLE) 
for  various  QWR  widths,  while  applying  B  in  perpendicular  and  angled  geometry  to  the  QWR 
plane. 


CCC  Code  0-7803-3883-9/98/$10.00  ©  1998  IEEE 


196 


2.  Experiment 

The  structures  of  GaAs/AlosGaosAs  QWR  superlattice  samples  used  in  this  work  are  listed  in 
Table  1.  They  have  been  prepared  by  migration  enhanced  epitaxial  method  (MEE)  on  vicinal 
GaAs  substrates  disoriented  toward  [110]  by  2°,  1°  and  0.5°.[4]  The  growth  temperature  was 
620“C  at  barrier  layer  and  600“C  elsewhere.  The  wire  region  grown  by  a  sequence  of  1/2 
monolayer  (ML)  of  lateral  GaAs  and  Alo.5Gao5As  was  sandwiched  between  Alo.5Gao.5As  50  nm 
barriers.  No  modulation  of  RHEED  intensity  oscillation  has  been  observed  which  is  evidence 
of  step  flow  growth.  The  QWR  structure  has  been  confirmed  by  atomic  force  microscopy 
(AFM),  transmission  electron  microscopy  (TEM)  and  polarization  dependence  of  RLE. 

Magneto-PL  (MPL)  was  performed  using  an  Ar+  laser,  and  the  PLE  by  dye  laser  with 
Rhodamine  6G  for  QWR-1  and  DCM  for  the  other  three.  The  MPL  was  performed  up  to  30 
T  at  liquid  helium  temperature  for  B/  Zs  and  angled  20“  from  the  paraUel  geometry,  where  Zs 
is  the  growth  direction. 


Table  1  :  Summary  of  sample  structures  and  zero  field  PL 


Sample  Number 

QWR-1 

QWR-2 

QWR-3 

QWR-4 

Substrate  misoriented  angle 

2“ 

1“ 

1“ 

0.5“ 

wire  width  (nm) 

4 

8 

8 

16 

QWR  size  barrier  width  (nm) 

4 

8 

8 

16 

wire  height  (nm) 

5 

8 

16 

8 

PL  peak  position  (eV) 

1.942 

1.913 

1.903 

1.885 

FWHM  (meV) 

7 

17 

14 

16 

3.  Result  and  Discussion 

The  positions  and  linewidth  of  zero  field  PL 
peaks  are  summarized  in  Table  1.  The  AFM 
image  of  QWR-4  is  shown  in  Fig.  1,  and  the 
zero-field  PL  and  PLE  spectra  in  Fig.  2.  The 
anisotropic  polarization  of  PLE  and  the  micro¬ 
scopic  results  show  that  aU  the  samples  have 
well-defined  1-D  structure. 

The  diamagnetic  shifts  for  B/  Zs  are  sum¬ 
marized  in  Fig.  3.  In  low  B  (<10  T),  the  shifts 
are  well  fit  with  AE  =  3B^,  where  P  is  interpreted 
as  an  effective  exciton  area  in  2-D  excitonic  ^  image  of  QWR-4 
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Energy  (eV) 


Fig.  2  :  PL  (dot)  and  polarization  dependent 
PLE  of  QWR-3,  dashed  (solid)  line  is  paral¬ 
lel  to  the  wire. 


Fig.  3  :  PL  peak  position  of  QWR-1,  2,  3, 
4  (square,  circle,  diamond  and  triangle 
respectively) 


model.[5]  We  obtained  iff  to  be  16x10'^ 
meV/T^  for  QWR-1,  and  (22±l)xl0‘^  meV/T^ 
for  QWR-2,  3,  and  4,  which  correspond  to 
the  effective  excitonic  diameter  (Dx)  of  7  and 
8  nm,  respectively.  It  is  noticed  that  Dx  for 
QWR-1  is  larger  than  the  QWR  width,  while 
they  are  smaller  for  the  rest  of  the  samples. 
The  shifts  are  almost  linear  to  B  for  B>10T, 
which  is  indicative  that  Landau  shift 
dominates  in  the  high  field.  But,  the  linear 
constant  of  QWR-1  (0.3  meV/T)  differs  from 
those  of  the  other  three  (0.4  meV/T).  The 
difference  between  QWR-1  and  the  others  is 
also  observed  in  the  linewidth  (see  Table  1). 

When  B  is  applied  at  a  20°  angle,  the 
shifts  for  QWR-2,  3,  and  4  keep  increasing 
linearly  as  in  the  parallel  case.  But,  in  the 
QWR-1  sample,  the  shift  saturates  at  B>17T. 


0  5  10  15  20  25  30 

B(T) 


Fig.  4  :  Diamagnetic  shift  of  QWR-1, 
square  (triangle)  is  parallel  (angled)  geo¬ 
metry 
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(See  Fig.  4)  This  clearly  indicates  that  the  exciton  formation  in  QWR-1  differs  from  the  rest. 
It  has  been  reported  that  the  transition  from  1-D  to  2-D  occurs  between  QWR  widths  of  6 
and  8  nm  (QWR  superlattice  grown  on  1.4°  and  2°  tilted  substrates,  respectively), [2][3]  and 
1-D  lateral  confinement  does  not  occurs  in  QWR  of  7nm  or  narrower.[6]  The  anomalous 
diamagnetic  shift  observed  B>17  T  in  QWR-1  is  somewhat  consistent  with  these  claims. 
Tilting  under  high  magnetic  field  forces  exciton  decoupling.  So,  a  2-D  excitonic  coupling  such 
as  inter- wire  interaction  is  more  plausible  to  be  more  proper  than  the  1-D  lateral  confinement 
model  Since  electron  wave  function  is  spread  over  QWRs,  even  though  the  hole  is  confined 
by  the  lateral  potential  of  QWR,[4]  the  overlap  of  exciton  wave  function  between  neighboring 
QWRs  is  increased  as  the  lateral  size  of  QWR  is  decreased  and  the  inter-QWR  interaction 
can  play  a  significant  role  in  the  exciton  formation  in  narrow  QWR  superlattices  such  as 
QWR-1. 


4.  Conclusion 

In  summary,  the  diamagnetic  shift  has  a  2-D  excitonic  behavior  even  in  the  narrow  wire 
width  sample  when  B/  Zs.  However,  we  have  observed  that  the  diamagnetic  shift  of  QWR-1 
behaves  like  an  exciton  confined  in  a  quantum  dot,  if  the  magnetic  field  is  strong  enough  that 
the  cyclotron  diameter  becomes  smaller  than  the  separation  of  neighboring  QWRs  when  the 
plane  of  cyclotron  motion  is  angled  with  the  QWR  plane.  This  provides  a  direct  evidence  that 
the  exciton  formation  in  the  QWR  of  4  nm  in  width  and  4  nm  in  inter-QWR  interval  is 
dominated  by  inter-wire  coupling. 
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Abstract.  We  have  successfully  observed  radiant  Er-related  low-temperature  photoluminescence  (PL) 
dominated  by  numerous  extremely  sharp  emission  lines  due  to  the  intra-4f  shell  transitions  of  Et^*  ions  in 
Er-doped  GaP  (GaP:Er)  grown  by  OMVPE  with  TBP.  The  intensity  of  the  emission  lines  depended 
strongly  on  the  growth  temperature,  the  Er  concentration  and  the  reactor  pressure,  indicating  coexistence  of 
various  Er-related  luminescence  centers  in  the  samples.  The  fluorescence-detected  EXAFS  analysis  on  the 
samples  revealed  clearly  that  the  majority  of  Er  atoms  doped  are  substitutionally  incorporated  into  Ga  sites 
in  the  GaP  lattice.  Effects  of  In-addition  to  GaP;Er  have  also  been  investigated. 


1.  Introduction 

Er-doped  ni-V  semiconductors  have  attracted  increasing  attention  because  they  can  potentially  have  a 
great  impact  on  optical  communication  systems  operating  near  1.5  pm  that  is  the  range  of  minimum 
transmission  loss  in  silica-based  fibers  [1],  The  intra-4f  shell  transitions  from  the  first  excited  state 
(Tijq)  to  the  ground  state  ("1,5/2)  of  the  Er’*  ions  result  in  emission  near  1.5  pm.  Er-doped  GaP  is  an 
interesting  material  because  the  thermal  quenching  of  the  Er-related  luminescence  is  much  smaller 
than  in  GaAs  and  InP  [2].  However,  there  have  been  few  studies  on  GaP  doped  with  Er  by  OMVPE, 
although  the  epitaxial  doping  of  Er  is  a  necessity  for  fabrication  of  practical  devices  with  confinement 
structures  for  light  and  carriers. 

In  this  paper,  we  report  the  successful  observation  of  numerous  extremely  sharp  Er-related 
emission  lines  in  OMVPE-grown  GaPiEr,  and  systematic  study  on  effects  of  growth  conditions  on  the 
Er-related  luminescence.  Preliminary  EXAFS  results  of  Er  local  structures  are  also  described. 


2.  Sample  Preparation 

The  low-pressure  growth  system  with  a  vertical  quartz  reactor  was  utilized  in  this  work.  Details 
of  the  growth  system  was  described  previously  [3],  TMGa  and  TBP  were  used  as  source  materials  for 
GaP  growth.  Er(MeCp)3  (tris(methylcyclopentadienyl)erbium)  as  the  Er  source  was  maintained  at  100 
°C  and  introduced  in  the  reactor  by  Hj  flow  through  the  Er  source  cylinder.  The  substrate  for  the 
growth  was  undoped  GaP  with  a  surface  orientation  of  (100).  The  growth  rate  for  all  the  samples  was 
1  pm/h. 
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3.  Results  and  Discussion 

3.1.  PL  measurements 

The  luminescence  properties  of  the  samples  were  characterized  by  PL  measurements.  The  PL 
measurements  were  carried  out  with  the  samples  directly  immersed  into  liquid  He  at  4.2  K  The 
photoexcitation  source  was  a  cw  mode  He-Cd  laser  with  a  beam  diameter  of  1  mm  and  an  incident 
power  of  30  mW.  The  luminescence  of  the  sample  was  dispersed  with  a  1 .25  m  grating  monochromator 
and  detected  by  a  Ge  pin  photodiode  cooled  by  liquid  N^.  Not  all  spectra  were  calibrated  for  the 
spectral  response  of  the  measurement  system. 

A  characteristic  Er-related  emission  was  successfully  observed  in  all  the  samples.  Figures  1  and  2 
show  Er-related  PL  spectra  as  functions  of  the  growth  temperature,  Er  flow  rate  and  reactor  pressure. 
A  series  of  PL  spectra  are  dominated  by  tens  of  extremely  sharp  emission  lines.  The  FWHM  of  each 
emission  line  is  0.2  -  0.3  meV,  close  to  the  spectral  resolution  (about  0.19  meV)  in  this  study.  This  is 
the  first  report  on  the  observation  of  such  sharp  emission  lines  in  GaP  doped  with  Er  by  OMVPE. 

The  intensities  of  the  emission  lines  exhibit  apparent  dependence  on  the  growth  conditions,  while 
Er  concentration,  determined  by  SIMS  measurements  using  Cs*  as  a  primary  ion,  in  the  samples 
grown  with  the  same  Er  flow  rate  remained  almost  constant  against  the  growth  temperature  and  the 
reactor  pressure.  This  observation  indicates  that  there  coexist  several  Er-related  luminescence  centers 
with  different  atomic  configurations  in  the  samples,  and  that  relative  concentrations  of  the  luminescence 
centers  depend  significantly  on  the  growth  conditions.  As  for  the  growth  temperature  dependence  of 
the  PL  spectra,  several  emission  lines  appear  in  the  high  energy  region  at  the  high  growth  temperature 
and  those  in  the  low  energy  region  at  the  low  growth  temperature.  Similar  behaviors  were  previously 
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Fig.  1  Growth  temperature  and  Er  flow  rate 

dependences  of  the  Er-related  PL  spectra 
in  Er-doped  GaP. 
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Fig.  2  Reactor  pressure  dependence  of  the  Er-related 
PL  spectra  in  Er-doped  GaP. 
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Fig.  3  In  composition  dependence  of  the  Er-related 
PL  spectra  in  Er-doped  InGaP  grown  on  GaP 
substrates. 


WAVE  NUMBER  k  (A'^) 


Fig.  4  EXAFS  spectra  of  Er  in  Er-doped  GaP 
grown  at  650  and  700  "C,  respectively, 
with  the  Er  flow  rate  of  125  seem. 


observed  in  Er-doped  InP  [4,  5].  These  results  indicate  that  there  are  several  optically  active  Er 
centers  with  similar  microscopic  structures  in  each  P-based  III-V  semiconductor. 

Effects  of  In-addition  to  GaP:Er  for  a  gradual  change  in  the  host  environment  have  also  been 
investigated  to  understand  deep-level  properties  of  Er,  which  play  an  important  role  in  excitation 
mechanism  of  the  4f  electrons  [6].  Figure  3  shows  the  In  composition  dependence  of  the  Er-related 
PL  spectra  in  Er-doped  InGaP  grown  on  GaP  substrates.  The  PL  intensity  decreases  gradually  with 
increasing  In  composition,  i.e.,  decreasing  band  gap  of  InGaP,  while  the  photon  energy  of  the  emission 
lines  is  invariant.  Hogg  et  al.  reported  that  the  intensities  of  some  emission  lines  observed  in  Er, 
O-codoped  GaAs  increase  gradually  with  hydrostatic  pressure  and  they  concluded  that  the  traps  due  to 
the  luminescence  centers  responsible  for  the  emission  lines  are  resonant  with  the  conduction  band  or 
the  valence  band  [7],  Therefore,  it  is  speculated  that  the  traps  combined  with  the  Er-related  luminescence 
centers  existing  in  GaP:Er  might  be  resonant  traps. 


3.2.  Fluorescence-detected  EXAFS  measurements 

In  order  to  investigate  atomic  configurations  around  Er  atoms  doped  in  GaP;Er,  EXAFS  measurements 
have  been  performed  successfully  in  a  series  of  GaP:Er  at  the  beam  line  BL12C  at  the  Photon  Factory 
at  Tsukuba  using  synchrotron  radiation  from  the  2.5  GeV  storage  ring.  Details  of  the  measurement 
system  was  described  previously  [8,  9]. 

The  EXAFS  W  spectra  of  Er  for  the  samples  grown  at  650  and  700  °C,  respectively,  with  the  Er 
flow  rate  of  125  seem  are  shown  in  Fig.  4.  Preliminary  EXAFS  analysis  reveals  clearly  substitutional 
incorporation  of  the  majority  of  Er  atoms  into  Ga  sites  in  the  GaP  lattice  in  both  samples.  This 
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observation  is  quite  different  from  in  Er-doped  InP  in  which  the  incorporation  sites  of  Er  atoms 
depend  strongly  on  the  growth  temperature,  i.e.,  the  majority  of  Er  atoms  have  a  rocksalt  crystal 
arrangement  with  P  atoms  in  samples  grown  at  temperatures  higher  than  580  °C,  exhibiting  a  low 
efficiency  of  luminescence,  while  the  majority  of  Er  atoms  are  substitutionally  incorporated  into  In 
sites  in  the  InP  lattice  in  samples  grown  at  ternperamres  lower  than  550  °C,  exhibiting  a  high  efficiency 
of  luminescence  [5,  8],  Furthermore,  the  Debye-Waller  factor  (0.137  A)  in  the  700  C  sample  is  much 
larger  than  that  (0.093  A)  in  the  650  ”C  sample,  suggesting  that  there  is  a  significant  variation  in 
atomic  configurations  around  substitutional  Er  atoms  in  the  700  °C  sample. 

Combined  with  the  PL  results,  it  is  concluded  that  in  GaP:Er,  the  luminescence  centers  responsible 
for  the  sharp  emission  lines  are  related  to  similar  substitutional  Er  atoms  and  have  different  microscopic 
structures  due  to  the  existence  of  native  defects  or  impurities  around  the  Er  atoms. 


4.  Conclusions 

Radiant  Er-related  luminescence  dominated  by  numerous  extremely  sharp  emission  lines  due  to  the 
intra-4f  shell  transitions  of  the  Ei^"'  ions  has  been  successfully  observed  in  GaP:Er  grown  by  OMVPE 
with  TBP.  The  intensities  of  the  emission  lines  exhibit  apparent  dependence  on  the  growth  temperature, 
the  Er  concentration  and  the  reactor  pressure,  indicating  coexistence  of  various  Er-related  luminescence 
centers  in  the  samples.  Preliminary  EXAFS  analysis  reveals  clearly  substitutional  incorporation  of  the 
majority  of  Er  atoms  into  Ga  sites  in  the  GaP  lattice,  independent  of  the  growth  temperature.  These 
results  indicate  that  the  luminescence  centers  responsible  for  the  sharp  emission  lines  involve  sinuto 
substitutional  Er  atoms  and  have  different  microscopic  structures  with  native  defects  or  impurities 
around  the  Er  atoms. 
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ABSTRACT.  Site-selective  photoluminescence  (PL)  and  photoluminescence  excitation  (PLE)  spectroscopy 
have  been  carried  out  at  6  K  on  the  -1540  nm  '*1(3/2  emissions  of  Er-*+  in  Er-implanted  MOCVD 

GaN.  The  PLE  spectroscopy  has  detected  several  independent,  site-selective  excitation  mechanisms  which 
demonstrate  the  existence  of  four  different  Er^*'  sites  in  Er-implanted  GaN,  Each  of  these  four  Er^'*'  sites 
exhibits  a  distinctive  PL  spectmm  characteristic  of  that  center’s  environment  when  pumped  by  the  appropriate 
wavelengths  of  below-gap  light.  Two  of  the  site-selective  Er^'*’  PL  spectra  pumped  by  trap-mediated 
excitation  bands  dominate  the  Er^*'  PL  spectrum  excited  by  above-gap  light.  The  PLE  spectra  demonstrate 
that  the  Er’*  PL  spectra  are  excited  by  below  gap  absorption  attributable  to  both  implantation  damage-induced 
defects  and  defects  and  impurities  characteristic  of  the  as-grown  GaN.  The  temperature  dependence  of  the  Er^'*' 
PL  spectra  was  studied  to  examine  thermal  quenching  properties  of  these  site-specific  Er’*  PL  centers. 


INTRODUCTION 

The  recent  suggestion  that  the  thermal  quenching  of  intra-4/  shell  emissions  from  Er^'^  in 
semiconductor  hosts  decreases  with  increasing  band  gap  has  spurred  research  on  Er-doped  (jaN  [1-3]. 
Our  PL  and  PLE  spectroscopy  demonstrates  the  existence  of  at  least  four  different  Er’'*  sites  in  Er- 
implanted  wurtzite  GaN,  which  can  be  selectively  excited  by  appropriate  wavelengths  of  below-gap 
excitation  [4-5].  The  above-gap  excitation  for  each  is  also  examined  here;  this  excitation  is  important 
regarding  fiiture  GaN:Er  devices  since  it  emulates  the  e-h  pair  pumping  occurring  in  forward  biased  p-n 
junctions.  PLE  spectroscopy  on  the  broad  damage-induced  PL  band  in  the  Er-implanted  GaN  has  been 
performed  to  determine  whether  these  defect-related  radiative  recombination  centers  are  pumped  by  the 
same  absorption  bands  observed  in  the  PLE  spectra  of  the  site-selective  Er^"'  PL  bands.  In  an  effort  to 
understand  thermal  quenching  properties  of  these  site-specific  Er’*  PL  centers,  studies  of  the  temperature 
dependence  of  the  Er*  PL  spectra  have  been  carried  out. 

EXPERIMENTAL  PROCEDURE 

GaN  films  (3  pm  thick)  were  grown  on  sapphire  substrates  by  atmospheric  pressure  metalorganic 
chemical  vapor  deposition  (MOCVD)  [6].  For  preparation  of  Er-doped  samples,  Er  ions  were  implanted 
with  an  energy  of  280  keV  and  with  implantation  dosage  of  4  x  10'^  cm'^  into  as-grown  films  at  room 
temperature.  The  implanted  samples  were  annealed  at  900  °C  for  30  minutes  under  a  continuous  flow  of 
nitrogen  gas.  PLE  and  PL  spectroscopy  were  carried  out  on  the  Er-implanted  GaN  at  temperatures 
ranging  from  6  K  to  295  K.  The  PL  spectra  were  excited  with  light  from  a  variety  of  sources  including 
an  Ar  laser,  a  He-Cd  laser,  and  a  He-Ne  laser,  a  tunable  CW  Ti:sapphire  laser,  a  frequency-doubled, 
mode-locked  Tlisapphire  laser,  and  a  xenon  lamp.  The  PLE  spectra  were  excited  with  a  xenon  lamp 
dispersed  by  a  double  grating  monochromator  and  the  tunable  Ti:  sapphire  laser.  All  of  the  PLE  spectra 
were  corrected  for  the  spectral  response  of  the  tunable  excitation  systems.  The  luminescence  was 
analyzed  by  a  1-m  single  grating  monochromator  and  detected  by  a  cooled  Ge  PIN  detector. 

RESULTS  AND  DISCUSSION 
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Figure  1  shows  the  four  different  Er^^  PL  s^tra 
obtained  from  Er-implanted  GaN.  A  distinct  Er^  PL 
center,  which  gives  rise  to  the  simple-structured  PL 
spectmm  referred  to  as  the  “4/-pumped”  spectrum 
(Fig.  la),  was  excited  by  a  set  of  sharp  PLE  peaks  due 

to  the  ~  810  nm  '‘1,5,2  ^  ''I9/2  internal  4/-band 
absorption  of  the  Er  atoms  [5].  Two  of  the  site- 
selective  Er^*  PL  bands  (the  “red-pumped”  and  “blue- 
pumped”  spectra,  as  shown  in  Figs,  lb  and  Ic, 
respectively)  were  pumped  by  broad,  deep,  defect- 
related  bands  in  the  “red”  and  “blue”  spectral  ranges 
(see  Fig.  2d).  The  fourth  site-selective  PL  spectrum 
(referred  to  as  the  “violet-pumped”  PL  spectrum  in  Fig. 
Id)  was  pumped  by  a  ~3. 1  eV  “violet”  absorption  band 
(see  Fig.  2d).  The  excitation  of  three  of  the  site- 
selective  Er^*  PL  bands  involves  trap-mediated 
absorption  rather  than  direct  intra-4/  shell  absorption, 
with  subsequent  nonradiative  transfer  of  the  energy  to 
nearby  Er^*  luminescence  centers.  The  fact  that  only 
one  of  the  four  Er^*  luminescence  centers  is  excited 
directly  by  intra  4/  band  absorption  indicates  that  the 
EF*  site  giving  rise  to  this  “4/-pumped”  spectrum  is 
present  at  a  much  higher  concentration  than  the  other 
three  Er^*  sites. 

The  same  Er-implanted  GaN  sample  was  also 
excited  by  above-gap  light.  Careful  comparison  of  the 
above-gap-pumped  spectrum  (Fig.  le)  with  the  four 
Er^*  PL  spectra  pumped  site-selectively  with  below-gap 
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Fig.  1  PL  spectra  of  GaNiEr  excited 
selectively  by  various  laser  lines 
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Fig.  2  The  PL  spectra,  excited  by  515  nm  light, 
for  Cr-implanted  (a)  and  Er-implanted  (b)  GaN,  the 
PLE  spectra  (c)  and  (d)  for  the  integrated  PL 
intensity  for  wavelengths  longer  than  1400  nm  in 
Figs.  2(a)  and  2(b),  respectively,  and  the  PLE 
spectmm  (d)  detected  at  the  peak  position  of  the 
highest  intensity  in  the  damage-induced  emission 
shown  in  Figs.  2(a)  and  2(b). 


light  reveals  that  the  above-gap-pumped  spectrum 
comprises  an  admixture  of  the  “red-pumped”  and  “blue- 
pumped”  PL  spectra,  indicating  that  trap-mediated 
excitation  dominates  above-gap  pumping  of  Er^^ 
emission  in  GaNiEr.  The  “4/-pumped”  and  “violet- 
pumped”  PL  spectra  are  apparently  not  strongly  excited 
by  above-gap  pump  light.  This  observation  illustrates 
that  only  a  relatively  small  concentration  of  the  optically 
active  Er"*  centers  may  be  strongly  pumped  by  optically 
excited  free  carriers  and  that  a  significant  fraction  of  the 
optically  active  Er’*  sites  are  not  strongly  pumped  by 
optically  excited  free  carriers. 

Figures  2(a)  and  2(b)  show  6K  PL  spectra 
obtained  from  Cr-implanted  and  Er-implanted  GaN, 
respectively.  Both  samples  exhibit  identical  broad 
(-800-1200  nm)  damage-induced  defect  PL  spectra  [4]. 
In  addition,  the  sharply  structured  1540  nm  and  980  nm 
PL  bands  characteristic  of  Er’*  are  observed  in  the  Er- 
implanted  sample.  The  PLE  spectra  [Figs.  2(c)  and 
2((1)]  plot  the  integrated  PL  intensity  for  wavelengths 
longer  than  1400  nm  for  both  of  these  samples;  the  PLE 
spectrum  of  the  broad  defect  PL  bands  is  shown  in  Fig. 
2(e).  These  PLE  spectra  reveal  that  not  all  of  the  broad 


205 


Wavelength  (nm) 
1600  1550 


1500 


site-selective  PLE  can  be  attributed  to  damage-induced 
defect  absorption.  Only  the  dominant  PLE  band  in  the  1650 

PLE  spectrum  of  the  broad  damage-induced  PL  (Fig. 

2e),  which  peaks  at  about  515  nm,  is  clearly  evident 
in  the  PLE  spectra  of  some  of  the  Er^*  luminescence 
centers.  In  addition,  the  broad  damage-induced  PL 
exhibits  a  weaker  “deep  red”  PLE  band  which  may 
contribute  a  portion  of  the  broad  “red”  PLE  bands  of 
the  Er^*  luminescence.  Clearly,  the  PLE  spectrum  of 
the  damage-induced  PL  shows  no  evidence  of  the  - 
3.1  eV  PL  peak  just  below  the  GaN  bandedge  in  Fig. 

2d  (believed  to  be  associated  with  an  Er-related  trap), 
and  it  exhibits  little  or  no  excitation  response  in  the 
blue  and  red  spectral  ranges  above  and  below, 
respectively,  the  strong  515  nm  PLE  band. 

Figure  3  shows  the  Er’*  PL  spectra  excited  at 
515  nm  at  6  and  295  K.  Careful  study  of  these  spectra 
reveals  that  the  PL  spectrum  obtained  at  6  K 
comprises  an  admixmre  of  the  predominant  peaks  of 
the  “red-pumped”  and  “blue-pumped”  spectra  (as 
shown  in  Figs,  lb  and  Ic,  respectively)  and  that  the 
PL  spectrum  obtained  at  295  K  contains  only  the 
predominant  peaks  of  the  “blue-pumped”  spectrum 
taken  at  6K.  The  predominant  peaks  of  the  “blue- 
pumped”  spectrum  experience  less  thermal 
quenching  than  those  of  the  “red-pumped”  spectrum 
and  their  peak  positions  are  independent  of 
temperature.  .s 

The  temperature  dependence  of  the  Er^*  PL  | 
intensity  measured  separately  for  each  of  the  six  PL  S 
spectra  is  shown  in  Fig.  4.  The  “violet-pumped”  and 
“blue-pumped”  spectra  exhibit  similar  temperature  § 
dependences,  reaching  a  reduction  of  about  a  factor  a 
of  two  in  integrated  intensity  at  295  K.  The  « 
integrated  intensities  of  the  “red-pumped”  and  “4/-  s 
pumped”  spectra  are  reduced  by  a  factor  of  -  10  at  -I 
295  K.  The  predominant  peaks  of  the  “violet-  | 
pumped”,  “blue-pumped”,  and  “4/-pumped”  spectra  Z 
obtained  at  6  K  are  present  at  temperatures  ranging 
from  6  K  to  295  K,  while  the  predominant  peaks  of 
the  “red-pumped”  spectrum  obtained  at  6  K  are 
absent  in  the  “red-pumped”  spectra  obtained  at 
temperamres  higher  than  150  K  which  contain  the 
same  predominant  peaks  of  the  “blue-pumped” 
spectrum.  The  predominant  peaks  seen  in  the  “red- 
pumped”  spectrum  experience  the  most  rapid  thermal  quenching  among  the  six  spectra.  It  should  be 
emphasized  that  because  the  PL  and  PLE  bands  of  the  “red-pumped”  and  “blue-pumped”  Er^"'  spectra 
have  significant  overlap,  it  is  not  possible  to  achieve  complete  separation  of  the  two  bands  in  the  site- 
selective  experiments.  This  means  that  there  is  some  “cross-talk”  between  the  thermal  quenching  curves. 
For  example,  the  thermal  quenching  curve  of  the  “blue-pumped”  PL  exhibits  an  obvious  dip  in  the  50- 
lOOK  range  where  the  overlapping  “red-pumped”  spectrum  is  being  rapidly  quenched. 

It  is  apparent  that  trap-mediated  energy  transfer  mechanisms  dominate  the  excitation  of  Er^*  in  ion- 
implanted  GaN.  Optically-injected  free  carriers  are  captured  at  traps,  or  the  traps  are  excited  directly  by 
the  absorption  of  extrinsic,  below-gap  light.  The  energy  stored  in  the  traps  is  transferred  by  a  non- 


Fig.  3  The  PL  spectra  excited  at  515  nm  at  6  K 

(a)  and  295  K  (b). 
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Fig.  4  The  temperature  dependence  of  the  integrated 
intensity  for  various  PL  spectra. 
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radiative  mechanism  to  nearby  Er^*  centers,  inducing  ground  state-to-excited  state  transitions  within  the 
Er’*  4/-shell.  Subsequently,  the  Er^*  centers  relax  radiatively  to  their  ground  states  [7].  There  are  two 
processes  by  which  the  Er^'^  PL  intensity  can  be  thermally  quenched  during  the  course  of  trap-mediated 
excitation  [8]:  1)  thermal  ionization  (de-trapping)  of  the  optically  excited  traps  before  their  energy  is 
transferred  to  Er^*  centers;  2)  subsequent  to  excitation  of  the  Er^*  by  energy  transfer  from  the  traps,  the 
Er^*  may  undergo  non-radiative  de-excitation  by  energy  transfer  to  dither  the  exciting  traps  or  to  other 
traps  coupled  to  the  Er^*.  The  first  process  will  decrease  the  Er^*  PL  intensity  without  affecting  the 
luminescence  lifetime.  The  second  process  will  decrease  both  the  Er^"^  PL  intensity  and  the  luminescence 
lifetime.  Studies  of  the  temperature  dependence  of  the  Er^  PL  lifetimes  are  planned  to  provide  insights 
concerning  these  thermal  quenching  mechanisms.  Clearly,  the  rate  of  thermal  quenching  will  depend 
strongly  upon  the  depth  or  stability  of  the  traps  which  mediate  the  non-radiative  excitation  and  de¬ 
excitation  processes.  Speaking  qualitatively,  the  quenching  mechanisms  discussed  above  might  be  far 
more  important  in  narrower  band  gap  materials  such  as  GaAs  (or  Si)  in  which  trap  depths  are  much 
smaller  than  in  wide  band  gap  semiconductors  such  as  GaN. 

CONCLUSIONS 

Site-selective  PL  and  PLE  spectroscopy  of  the  1540  nm  ''1,3/2  ->  "^1,5/2  Er^*  emission  in  Er- 
implanted  GaN  has  demonstrated  the  existence  of  four  different  Er^*  sites  in  this  sample.  Three  of  the 
Er^  sites  are  excited  by  trap-mediated  processes  and  the  fourth  site  is  pumped  by  direct  intra-4/  shell 
absorption.  Two  of  the  Er^*  sites  excited  by  trap-mediated  mechanisms  dominate  the  above-gap-pumped 
spectrum,  indicating  that  only  the  Er^*  sites  coupled  to  traps  having  large  cross-section  for  carrier  capture 
are  strongly  excited  by  above-gap  pump  light.  A  comparison  of  the  damage-induced  PLE  spectrum  with 
the  PLE  spectra  of  the  four  distinct  Er^*  luminescence  centers  reveals  that  not  all  of  the  broad  site- 
selective  Er’*  PLE  can  be  attributed  to  damage-induced  defect  absorption.  Broad  optical  absorption  bands 
due  to  defects  and  impurities  characteristic  of  the  as-grown  GaN  films  also  contribute  to  the  site-selective 
PLE  of  Er^'^.  Studies  of  the  temperature  dependence  of  the  Er^*  PL  spectra  suggest  that  the  trap-mediated 
energy  transfer  processes  that  dominate  the  excitation  of  Er^*  in  ion-implanted  GaN  also  control  the 
thermal  quenching  rates  for  the  different  Er^*  PL  centers. 
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Abstract:  Gain  spectra  are  determined  by  a  new  variable  stripe  length  method  using  current  injection.  The 
amplified  spontaneous  emission  of  laser  structures  with  contact  stripes  of  different  length  is  measured  in 
dependence  on  the  current  density.  From  these  spectra  -resolved  in  TE  and  TM  polarization-  the 
corresponding  gain  spectra  are  extracted  and  the  maximum  modal  net  gain,  the  transparency  current 
density  and  the  internal  losses  are  determined.  Laser  structures  for  wavelengths  near  800  nm  with 
InGaAsP  active  regions  of  different  thicknesses  and  compositions  are  analyzed.  With  decreasing  thickness 
and  increasing  compressive  strain  in  the  Al-free  quantum  well,  the  transparency  current  density  is  reduced 
and  the  TM  gain  is  suppressed  compared  to  the  TE  gain.  Under  high  excitation  conditions  the  gain  from 
the  first  subband  transition  saturates  and  the  wavelength  of  the  gain  maximum  shifts  to  smaller  values  due 
to  the  additional  occupation  of  higher  subbands. 


1.  Introduction 

The  optical  gain  of  the  active  region  of  a  semiconductor  laser  determines  many  of  its  operating 
properties.  Hence,  the  knowledge  of  the  gain  in  dependence  on  the  wavelength  and  the  current  density 
is  very  important  for  device  development  and  optimization.  A  common  technique  for  measuring  the 
modal  gain  is  the  variable  stripe  length  (VSL)  method  [1].  Doped  samples  as  used  for  laser  stractures 
or  undoped  samples  are  optically  excited  by  a  laser  beam  focused  to  a  stripe  with  variable  length.  The 
amplified  spontaneous  emission  (ASE)  emitted  from  the  sample  edge  is  measured  and  the  modal  net 
gain  spectra  are  extracted.  Measuring  without  feedback  -in  contrast  to  the  method  of  Hakki  and  Paoli 
[2]-  tiiis  method  is  not  limited  by  the  laser  threshold  and  can  be  done  up  to  high  excitation  densities.  It 
is  difficult  however,  owing  to  the  unknown  carrier  density  in  the  active  region,  to  correlate  the  gain 
spectra  obtained  at  different  optical  pump  intensities  with  laser  parameters.  In  addition,  the  sample 
under  examination  sees  other  excitation  and  bias  conditions  than  an  active  laser  diode. 

In  this  letter  we  present  a  new  method  to  determine  the  modal  gain.  We  use  the  VSL  method  with 
current  injection  in  metal  contact  stripes.  The  gain  extracted  from  the  measured  electroluminescence 
can  be  directly  related  to  laser  properties.  We  compare  the  spectral  gain  curves  and  the  transparency 
current  density  of  InGaAsP/AlGaAs  laser  structures  with  Al-free  SQWs  of  different  thickness  and 
strain  with  wavelengths  near  800  nm. 


2.  Sample  preparation  and  measurement  method 

For  the  gain  measurement,  metal  contact  stripes  with  different  length  are  deposited  on  the  complete 
epitaxial  laser  structure.  The  laser  structures  for  the  emission  around  800  nm  have  a  17  nm  (sample  A) 
or  17.  nm  (sample  B)  thick  lattice  matched  In„„Ga„„As,P,„  SQW  embedded  in  0.5  pm  thick 
Al„5,Ga„3;As  waveguide  and  1.8  pm  thick  AI„,Ga„3As  cladding  layers  grown  by  MOVPE  on  GaAs 
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Fig.  1 :  optical  setup  for  gain  measurements 

substrates.  Sample  C  has  a  13  nm  thick  compressively  strained  In„  j,Ga„,3As„  jP||^  SQW  surrounded  by 
the  same  AlGaAs  layers  as  in  samples  A  and  B.  The  contacts  for  the  gain  measurements  are  80  to 
440  pm  long  and  25  pm  wide.  The  GaAs  contact  layer  and  1 .4  pm  of  the  cladding  layer  are  etched  off 
outside  the  metal  contacts  to  achieve  current  confinement.  To  avoid  feedback  effects  and  the 
formation  of  Fabry-Perot  modes  both  facets  are  antireflection  coated  (R  <  1  %)  and  there  is  a  large 
unexcited  highly  absorbing  area  behind  the  contact  stripes.  Thus  the  resonator  quality  is  sufficiently 
low  and  the  measurement  can  be  done  up  to  high  current  densities.  For  comparison  50  pm  wide  broad 
area  (BA)  lasers  are  processed  from  the  same  wafer  and  are  cleaved  with  resonator  lengths  between 
0.6  and  2  mm. 

ASE  spectra  of  ten  stripes  with  different  lengths  are  measured  at  various  current  densities  with  the 
expeiimental  setup  sketched  in  Fig.  1.  The  ASE  intensity  is  detected  polarization-dependent  by  a 
cooled  CCD  camera  at  the  rear  of  a  monochromator  with  a  resolution  of  AX  =  0.5  nm.  The  modal  net 
gain  is  extracted  from  the  stripe  length  dependence  of  the  ASE  intensity  under  the  same  excitation 
density  at  each  wavelength.  Using  broad  area  (BA)  contact  stripes  the  slit  at  plane  A  (Fig.  1)  is 
necessary  for  the  spatial  filtering  of  off-axis  modes  with  higher  losses  [3]. 


3.  Results  and  discussion 

Modal  net  gain  spectra  of  sample  A  are  shown  in  Fig.  2a  for  current  densities  j  between  0.3  and 
1.3  kA/cm^  for  TE  (solid  lines)  and  TM  polarization  (dotted  lines).  For  the  same  current  density,  the 
TE  gain  is  higher  than  the  TM  gain,  mainly  due  to  the  better  optical  confinement  of  the  TE  mode  - 
polarized  in  the  SQW  plane-  compared  to  that  of  the  TM  mode.  The  maximum  of  the  gain  curves  of 
this  nearly  unstrained  SQW  is  at  the  same  wavelength  for  both  polarizations  and  shifts  to  shorter 
wavelengths  with  increasing  j  due  to  bandfilling.  Note,  that  in  this  thick  SQW  there  are  several 
allowed  subband  transitions  which  can  not  be  spectrally  resolved.  Thermal  effects  can  be  neglected 
using  10  ps  long  pulses  with  a  duty  cycle  of  1:625.  The  dashed-dotted  lines  in  Fig.  1  are  guides  to  the 
eye  to  illustrate  the  wavelength  shift  of  the  gain  maxima. 

At  transparency,  where  the  material  gain  g^^,  vanishes,  the  photon  energy  is  equal  to  the  difference 
of  the  quasi-Fermi  energies  of  electrons  and  holes.  Because  there  is  a  common  quasi-Fermi  level  for 
heavy  and  light  holes  under  stationary  conditions,  transparency  is  the  same  for  TE  and  TM 
polarization  [4].  The  modal  gain  g„„,j  can  be  written  as  =  F  g,,,,-  a,,  where  the  confinement  factor  F 
is  different  for  TE  and  TM.  Assuming  that  the  internal  losses  a,  are  identical  for  both  polarizations. 
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Fig.  2:  TE  and  TM  polarized  modal  net  gain  of  SQWs 

a)  sample  A  (17  nm),  b)  sample  B  (12  nm  thick) 

the  TE  and  TM  modal  net  gain  can  only  be  equal  at  transparency.  So  the  value  of  the  intersection  at 
the  short  wavelength  side  yields  directly  the  value  of  the  internal  losses.  The  internal  losses  of 
a,=  5  cm  '  of  sample  A  agree  well  with  the  result  of  the  measurement  of  the  external  efficiency  of  BA 
lasers  with  resonator  lengths  of  L  =  0.64  ..  2  mm  from  the  same  wafer.  The  losses  slightly  increase 
with  current  density,  which  can  be  explained  by  an  increased  free  carrier  absorption. 

The  maximum  modal  net  gain  g^^,,  obtained  from  the  spectra  of  Fig.  2,  is  drawn  against  the 
current  density  in  Fig.  3.  g,„„j  of  sample  A  (full  squares  in  TE,  open  squares  in  TM  polarization) 
increases  with  j  up  to  high  values  without  saturation.  From  the  logarithmic  fit  g„,,  =  r  G„-  ln(j/j„)  the 
transparency  current  density  and  the  product  E  G,,  can  be  obtained,  where  G„  is  the  gain  parameter. 
The  fitting  of  g„„,„  for  j  between  150  and  700  A/cm^  yields  F-G,,  =  18.5  cm '  and  j,,  =  193  A/cm^.  These 
values  agree  well  with  results  extrapolated  from  the  ln(j,j)-l/L  curve  obtained  from  the  threshold 
current  densities  of  the  BA  lasers  (rG„=  19  cm'  and  =  200  A/cm^).  Taking  the  calculated 
confinement  factor  F  =  0.034  into  account  the  gain  parameter  G„  =  540  cm  '  is  obtained  for  the  TE 
mode,  the  corresponding  values  for  the  TM  mode  are  F  =  0.020  and  G,,  =  650  cm  . 

Fig.  3  also  shows  g„„  of  sample  B  (circles)  with  the  thinner  SQW,  but  the  same  composition  as 
sample  A.  The  transparency  current  density  is  reduced  to  140  A/cm^.  For  j  >  0.35  kA/cm^  g„„0)  in  TE 
polarization  saturates  before  it  increases  again  more  rapidly  for  j  >  0.9  kA/cm^.  The  kink  in  the  g„„  -  j 
curve  is  connected  with  an  abrupt  shift  of  the  wavelength  of  g^,,  by  about  20  nm,  which  is  clearly 
visible  in  the  gain  spectra  of  sample  B  In  Fig.  2b,  measured  and  drawn  in  the  same  way  as  in  Fig.  2a. 
For  high  excitation  densities  the  second  electron  subband  is  occupied  and  the  maximum  of  the  gain  is 
at  the  wavelength  of  the  transition  from  the  second  electron  subband.  The  same  phenomenon  has  been 
observed  at  InGaAsP  lasers  grown  on  InP  [5].  In  TM  polarization,  g„,,  is  reduced  compared  to  sample 
A  and  the  wavelength  of  g„„„  is  shifted  by  about  3  nm  towards  shorter  wavelengths  compared  to  the 
TE  first  subband  transition  at  the  same  j.  Due  to  the  enhanced  quantum  confinement  the  light  hole 
band  is  shifted  below  the  heavy  hole  band. 

The  spectral  shape  of  the  TE  modal  net  gain  of  sample  C  with  a  0.55  %  compressively  strained 
SQW  looks  like  sample  B  with  almost  the  same  SQW  thickness:  saturation  of  the  first  subband 
transition  and  switching  to  the  second  one  at  j  =  0.8  kA/cm^.  The  compressive  strain  lowers  the 
valence  band  density  of  states  and  so  the  transparency  current  density  is  again  reduced  to  1 10  A/cm^. 
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current  density  [A/cm*] 

Fig.  3:  Modal  peak  gain  versus  current  density  for  all  samples  in  TE  (full  signs)  and  TM  (open  signs)  polarization 

In  addition,  the  light  hole  band  is  splitted  off  the  heavy  hole  band  due  to  the  strain.  For  that  reason  the 
wavelength  shift  of  g„^,  between  TE  and  TM  is  twice  as  high  as  in  sample  B.  The  total  gain  in  TM 
polarization  is  strongly  reduced  to  only  7  cm  '  at  j  =  1.3  kA/cm^  as  shown  in  Fig.  3  (open  triangles). 

4.  Summary 

A  new  method  for  spectrally  resolved  gain  measurements  was  introduced.  We  measured  TE  and  TM 
polarized  gain  spectra  of  an  AlGaAs  laser  structure  with  different  InGaAsP  SQWs  and  obtained  the 
transparency  current  density  and  the  internal  losses.  The  maximum  of  the  gain  spectra  of  an  almost 
unstrained  17  nm  thick  SQW  increases  nearly  linear  and  shifts  to  shorter  wavelengths  with  the  current 
density.  The  TE  gain  is  about  twice  as  high  as  the  TM  gain.  A  12  nm  thick  unstrained  SQW  shows 
gain  saturation  of  the  first  subband  transition.  At  high  current  densities  the  maximum  of  the  gain  is  at 
the  wavelength  of  the  transition  from  the  second  electron  subband.  0.55  %  compressive  strain  in  a 
13  nm  thick  SQW  reduces  the  transparency  current  density  from  140  A/cm^  -in  the  thin  unstrained 
samp'e-  to  1 10  A/cm^  and  suppresses  the  TM  against  the  TE  polarization. 
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Abstract.  We  analyze  low-temperature  Raman  and  photoluminescence  spectra  of  MBE-grown  GaN  layers 
on  sapphire.  Strong  and  sharp  Raman  peaks  are  observed  in  the  low  frequency  region.  These  peaks,  which 
are  enhanced  by  excitation  in  resonance  with  yellow  luminescence  transitions,  are  attributed  to  electronic 
transitions  related  to  shallow  donor  levels  in  hexagonal  GaN.  It  is  proposed  that  a  low  frequency  Raman  peak 
at  11.7  meV  is  caused  by  a  pseudo-local  vibration  mode  related  to  defects  involved  in  yellow  luminescence 
transitions.  The  dependence  of  the  photoluminescence  spectra  on  temperature  gives  additional  information 
about  the  residual  impurities  in  these  GaN  layers. 


1.  Introduction 

GaN  is  a  promising  semiconductor  material  with  wide  energy  gap.  Recently,  molecular  beam 
epitaxy  (MBE)  and  metal-organic  vapor  phase  epitaxy  have  been  successfully  employed  to  grow  high 
efficiency  III-V  nitrides  blue  and  green  light  emitting  diodes  and  lasers.  Despite  this  great  technologi¬ 
cal  progress,  some  fundamental  properties  of  GaN,  including  the  behavior  of  residual  impurities,  are 
still  not  well  understood. 

Impurity-induced  electronic  Raman  excitations  in  MBE-grown  cubic  GaN  on  GaAs  have  been 
reported  first  by  Ramsteiner  et  al.  [1].  These  Raman  peaks  are  located  in  the  energy  range  between 
18.5  and  30  meV  and  are  enhanced  for  excitation  in  resonance  with  yellow  luminescence  transitions. 
Two  peaks  at  23.4  and  29.4  meV  have  been  attributed  to  electronic  Raman  scattering  (ERS)  caused  by 
internal  shallow  donor  transitions  [1,2].  Here,  we  analyze  low  temperature  Raman  spectra  of  MBE 
GaN  layers,  grown  on  sapphire.  It  is  found  that  hexagonal  GaN  layers  on  sapphire  also  show  strong 
and  sharp  Raman  peaks  in  the  low  frequency  region.  We  confirm  that  these  peaks  are  in  accordance 
with  a  model  of  electronic  transitions  related  to  shallow  donors  in  GaN.  In  addition,  the  peak  at  11.7 
meV  is  attributed  to  a  defect-induced  pseudo-local  vibrational  mode.  In  connection  with  the  tempera¬ 
ture  dependence  of  photoluminescence  (PL)  spectra,  the  residual  defects  in  MBE-grown  GaN  are 
tentatively  assigned  to  be  related  to  Si. 


2.  Experimental 

The  hexagonal  GaN  samples  were  grown  on  (OOOl)-oriented  sapphire  substrates  by  MBE  em¬ 
ploying  an  RF  nitrogen  plasma  source.  The  growth  conditions  were  identical  to  those  which  have  been 
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used  for  fabricating  blue  and  green  light-emitting  diodes  [3].  The  nominally  undoped  layers  are 
predominantly  hexagonal  and  n-type  with  a  carrier  concentration  of  the  order  of  10'^  cm"^  (mobility  of 
about  300  cmWsec).  The  Raman  spectra  were  measured  with  a  Dilor  triple  grating  monochromator 
system.  Some  measurements  were  made  by  using  a  low-temperature  confocal  micro  Raman  equipment 
in  which  the  light  spot  is  focused  by  a  microscope  to  a  diameter  of  about  2  pm. 


3.  Results  and  Discussion 

The  analysis  of  the  frequency  positions  and  polarization  selection  rules  of  the  optical  phonon  lines 
proves  the  GaN  layers  on  sapphire  to  be  predominantly  hexagonal  [4].  The  temperature  dependence  of 
the  carrier  density  obtained  by  Hall-effect  measurements  reveals  an  activation  energy  in  the  range  of 
25  to  35  meV. 

Low-frequency  Raman  peaks  appear  only  in  part  of  the  investigated  hexagonal  GaN  layers. 
However,  a  clear  dependence  on  certain  growth  parameters  was  not  yet  found.  Generally  five  resonant¬ 
ly  enhanced  Raman  peaks  are  observed  in  the  range  between  11.5  meV  and  31.0  meV,  namely, 
at  1 1.7,  18.3,  23.4,  27.1,  and  30.7  meV  .  They  are  denoted  as  P,  A*,  (j),  B*,  and  s  in  Fig.  1,  respec¬ 
tively.  The  notation  of  peaks  A*  and  B*  follows  the  literature  [1]  where  these  peaks  have  been  obser¬ 
ved  in  Raman  spectra  of  GaN  layers  grown  on  GaAs.  They  were  tentatively  attributed  to  intra-shallow 
donor  electronic  transitions  in  hexagonal  GaN  domains  within  the  predominantly  cubic  matrix.  The  de¬ 
tection  of  strong  peaks  A*  and  B*  in  GaN  grown  on  sapphire  substrates  strongly  supports  the  assign¬ 
ment  of  these  peaks  to  the  hexagonal  phase  of  GaN.  Furthermore,  this  observation  rules  out  both  N  in 
GaAs  and  As  in  GaN  as  the  possible  origin  of  these  low  frequency  peaks  as  it  was  proposed  in  Ref  [5]. 

The  assignment  of  the  low-frequency  peaks  to  electronic 
transitions  is  based  on  the  following  arguments.  They  are  ob¬ 
served  only  in  part  of  the  samples  investigated  and  are  thus  not 
intrinsic  to  GaN  but  must  be  related  to  defects.  Their  energy 
positions  are  compatible  with  the  energy  separation  between 
the  ground  and  excited  states  of  shallow  donors  in  GaN.  An 
Arrhenius  plot  of  the  peak  intensity  yields  an  activation  energy 
close  to  that  of  shallow  donors,  suggesting  that  the  decrease  in 
the  Raman  peak  intensity  with  increasing  temperature,  as 
shown  in  Fig.  2,  is  related  to  the  thermal  population  of  the 
donor’s  ground  state.  In  addition,  a  resonance  enhancement 
with  a  pronounced  maximum  of  the  scattering  probability 
located  at  about  2.35  eV  is  observed,  which  is  close  to  the 
energy  of  the  yellow  luminescence  band  at  2. 1-2.2  eV  (see  Fig. 

3).  The  resonance  effect  is  explained  as  being  due  to  transitions 
via  defect  states  involved  in  the  yellow  luminescence 
recombination  process,  as  proposed  for  cubic  GaN  on  GaAs 
[1].  The  yellow  band  luminescence  transitions,  which  are 
supposed  to  occur  between  shallow  donors  and  deep  acceptors, 
provide  real  intermediate  states  for  the  resonant  Raman  process. 

The  energy  shift  is  presumably  related  to  the  Stokes-shift 
expected  for  the  deep  acceptor  in  absorption  and  emission. 


RAMAN  SHIFT  (meV) 


Fig.l.  Low  temperature  Raman  spectra  of 
a  hexagonal  GaN-on-sapphire  sample  (a) 
and  of  a  predominantly  cubic  GaN-on- 
GaAs  sample  (b).  The  excitation  energy  is 
2.41  eV.  The  optical  phonon  lines  of  the 
sapphire  (s)  and  GaAs  (g)  are  indicated. 
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From  their  energy  position  peaks  (|)  and  e  can  be  assigned  to 
be  the  hexagonal  counterparts  of  peaks  A  and  B  (see  Fig.  1) 
which  have  been  attributed  to  the  ls-2s  and  ls-3s  transitions  of 
shallow  donors  in  cubic  GaN  in  Ref.[l].  The  derived  binding 
energy  of  33  meV  is  in  agreement  with  the  value  expected  from 
effective  mass  theory  (EMT)  for  hexagonal  GaN  [6].  Peaks  A* 
and  B*,  on  the  other  hand,  could  be  tentatively  attributed  to  the 
corresponding  transitions  of  a  second  donor  with  a  binding  en¬ 
ergy  of  27.5  meV  [1].  However,  assuming  peaks  p.  A*  and  B* 
to  be  caused  by  lowest-energy  electronic  transitions  of  different 
donors  the  corresponding  binding  energies  estimated  by  EMT, 
including  a  central  cell  correction,  are  20,  26.5  and  35.5  meV, 
respectively.  In  fact,  these  three  binding  energies,  derived  from 
electrical  and  optical  measurements,  have  already  been  reported 
for  different  donors  in  GaN  [6-8].  Actually,  these  donors  have 
not  necessarily  to  be  hydrogenic. 

Because  of  the  very  low  energy  of  peak  p  we  may  altema- 
Fig.2.  Raman  spectra  of  the  hexagonal  tively  attribute  this  particular  peak  to  a  defect-induced  pseudo- 
GaN-on-sapphire  sample  for  different  tern-  local  vibrational  mode.  In  this  case,  the  decrease  in  intensity  of 
peratures  as  indicated  in  the  figure.  The  peak  p  at  higher  temperatures  might  be  explained  by  the  en- 
excitation  energy  is  2.41  eV.  hanced  damping  of  vibrations  via  their  coupling  to  lattice 

phonon  modes,  which  also  causes  the  broadening  of  the  Raman  peak  with  increasing  temperatoe  (see 
Fig.  2).  The  resonance  enhancement  for  excitation  at  about  2.4  eV  indicates  that  the  defects  involved 

contribute  to  the  electronic  states  which  are  responsible  for  the 
yellow  luminescence  band  [9]. 

A  preliminary  secondary  ion  mass  spectroscopy  (SIMS) 
analysis  was  performed  for  the  GaN  layers  on  sapphire.  Com¬ 
paring  samples  which  show  weak  and  strong  low-energy 
Raman  peaks,  respectively,  a  higher  content  of  residual  Si  is 
found  for  the  latter  ones.  This  result  suggests  that  Si  might  be 
responsible  for  at  least  part  of  the  observed  Raman  processes. 
Different  ionization  energies  between  12  and  35  meV,  obtained 
from  Hall  effect  measurements,  have  been  related  to  the  Si 
donor  in  hexagonal  GaN  [7,8].  In  addition,  it  was  proposed  that 
there  is  a  relationship  between  Si  doping  and  the  yellow  lumi¬ 
nescence  [8]. 

Temperature-dependent  PL  spectra  of  our  hexagonal  GaN 
samples  (Fig.  4)  show  that  above  50  K,  the  free  exciton  (FX) 
peak  appears  at  an  energy  of  3.479  eV  and  becomes  dominant 
with  further  increasing  temperature,  accompanied  by  a  gradual 
dissapearance  of  the  (Dq,  X)  bound  exciton  [10].  The  binding 
Fig.3.  Intensity  of  electronic  Raman  gj^rgy  of  (D„,X)  of  3.5  meV  (see  also  Ref  [6])  implies  a  donor 

scattering  (ERS)  as  a  function  of  the  m-  j  j  ,, 35  according  to  Haynes  rule.  At  tern- 

cident  photon  energy  for  cubic  and  hexa-  iv^***'«*v  v/  ^  j  n  i  *1. 

gonal  GaN  samples  as  well  as  a  spectrum  peratures  above  60  K,  a  peak  at  3.29  eV  gradually  replaces  the 
ofthe  yellow  band  luminescence  at  10  K.  donor-acceptor-pair  (DAP)  luminescence  peak  at  about  3.265 
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eV.  The  peak  at  3.29  eV 
is  attributed  to  free  elee- 
tron  to  aeeeptor  (FB) 
transitions  [11].  Such  a 
behavior  was  also  obser¬ 
ved  in  Si  doped  GaN 
[7].  The  separation  of 
the  DAP  and  FB  peaks 
represents  the  lower 
bound  of  the  donor  bin¬ 
ding  energy  of  about  25 
-30  meV  in  agreement 
with  the  measured  acti¬ 
vation  energy  of  the  car¬ 
rier  concentration  in  our 
samples.  However,  fur¬ 
ther  work  is  necessary  to 
identify  the  chemical 
nature  of  the  residual 
impurities  or  defects. 


PHOTON  ENERGY  (eV)  PHOTON  ENERGY  (eV) 

Fig.4.  PL  spectra  of  the  hexagonal  GaN-on-sapphire  sample  at  different  temperatures. 


4.  Conclusions 

In  summary,  we  have  observed  low-frequency  Raman  peaks  in  MBE-grown  GaN  layers  on 
sapphire  which  are  enhanced  when  the  excitation  energy  is  in  resonance  with  the  yellow  luminescence 
band.  It  has  been  confirmed  that  these  peaks  are  related  to  the  hexagonal  phase.  The  arguments  of 
attributing  Raman  peaks  in  cubic  GaN  to  electronic  excitations  of  intra-shallow  donor  transitions  have 
been  found  to  be  also  suitable  for  hexagonal  GaN.  An  additional  peak  at  1 1 .7  meV  has  been  assigned 
to  a  quasi-local  vibration.  Si  seems  to  be  the  most  likely  candidate  for  being  related  to  these  low- 
frequency  Raman  peaks.  Further  investigations  are  being  carried  out  in  order  to  elucidate  the  origin  of 
the  residual  donors. 


References 

[1]  Ramsteiner  M,  Meimiger  J,  Brandt  O,  Yang  H  and  Ploog  K  H  1996  Appl.  Phys.  Lett.  69  1276 

[2]  Ramsteiner  M,  Menniger  J,  Brandt  O,  Yang  H  and  Ploog  K  H  1997  Appl.  Phys.  Lett.  70  910 

[3]  Tews  H,  Averbeck  R,  Graber  A  and  Riechert  H  1996  Electronics  Lett.  32  2004 

[4]  Azuhata  T,  Sota  T,  Suzuki  K  and  Nakamura  S  1995  J.  Phys.:  Cond.  Mat.  27  L129 

[5]  Siegle  H,  Loa  1,  Thurian  P,  Eckey  L,  Hoffmann  A,  Broser  I  and  Thomsen  C  1997  Appl.  Phys.  Lett.  70  909 

[6]  Meyer  B  K,  Volm  D,  Graber  A,  Alt  H  C,  Detchprohm  T,  Amano  A  and  Akasaki  I  1995  Sol.  State  Commun.  95  597; 
Fischer  S,  Volm  D,  Kovalev  D,  Averboukh  B,  Graber  A,  Alt  H  C  and  Meyer  B  K  1997  Mat.  Sci.  Eng.  R  43  192 

[7]  Goetz  W,  Johnson  M,  Chen  C,  Liu  H,  Kuo  C  and  Imler  W  1996  Appl.  Phys.  Lett.  68  3 144 

[8]  Hacke  P,  Maekawa  A,  Koide  N,  Hiramatzu  K  and  Sawaki  N  1994  Jpn.  J.  Appl.  Phys.  33  6443 

[9]  Yu  P  Y,  Pilkuhn  M  H  and  Evangelist!  F  1987  Sol.  State  Commun.  25  371 

[10]  Merz  C,  Kunzer  M,  Kaufinann  U,  Akasaki  I  and  Amano  H  1996  Semicond.  Sci.  Technol.  11712 

[1 1]  Dingle  R  and  Begems  M  1971  Sol.  State  Commun.  9  175 


215 
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Abstracts.  High  quality  magnesium  doped  GaN  epitaxial  layers  on  sapphire  substrate  were  achieved  by 
the  rotating  disk  MOCW.  Energy  levels  of  these  acceptors  were  investigated  by  temperature  dependent 
photoluminescence  measurements.  Magnesium  concentration  was  varied  from  <  1  x  lO’^  to  higher  than 
5  X  lO'®  cm’3.  In  the  samples  with  lower  magnesium  concentration  we  have  observed  free  excitonic 
transitions  and  the  donor-acceptor  pair  transition  with  its  phonon  replicas.  For  the  samples  with  higher 
magnesium  concentration  the  spectra  were  dominated  by  acceptor  related  transitions.  In  this  study,  we 
could  not  see  any  deep  level  luminescence  even  in  highly  Mg-doped  GaN  and  free  excitonic  transitions 
were  observed  in  doped  materials.  These  facts  show  the  high  quality  of  samples. 


1.  Introduction 

In  spite  of  achieving  several  important  practical  optoelectronic  devices  based  on  p-type  Mg-doped 
GaN,  the  photoluminescence  (PL)  study  of  these  materials  has  not  been  done  in  detail  so  far.  In  this 
work  we  report  the  temperature  dependent  PL  studies  on  Mg-doped  GaN  with  various  Mg 
concentration  which  was  varied  from  <  1  x  10'*  to  higher  than  5  x  10'*  cm‘^.  The  understanding  of  the 
radiative  recombination  processes  in  Mg-doped  GaN  can  provide  a  fundamental  basis  for  the  optimum 
design  of  optical  devices. 


2.  Experiment 

The  epilayers  of  Mg-doped  GaN  of  about  4  pm  thickness  were  grown  on  (0001)  sapphire  substrate  by 
the  rotating  disk  MOCVD.  The  substrate  was  preheated  for  10  minutes  at  1050  °C  and  then  cooled 
under  ammonia  flow  to  520  °C  for  the  deposition  of  GaN  nucleation  layer.  The  GaN  epilayer  was 
grown  at  1010  °C  and  has  shown  FWHM  of  about  250  to  270  arc  sec  for  (0002)  reflections  by  high 
resolution  x-ray  diffraction.  The  sample  was  thermally  annealed  in  the  nitrogen  atmosphere  for  20 
minutes  at  700  °C.  A  He-Cd  laser  (325  nm)  was  used  as  an  excitation  source  for  the  cw  PL 
experiments.  The  PL  signal  was  dispersed  by  a  1 -meter  monochromator  (McPHERSON)  and  detected 
by  a  photomultiplier  tube  (Hamamatsu)  and  a  Lock-in  amplifier  (Princeton  Applied  Research).  The 
sample  was  mounted  in  a  closed-cycle  liquid-helium  cryostat  (Janis)  for  low  temperature 
measurements. 
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3.  Results  and  Discussion 

Fig.  1  shows  the  temperature  dependent  PL  spectra  for  Mg-doped  GaN  epilayers  of  which  Mg 
concentration  is  less  than  1  x  10’®  cm'^.  We  observed  a  strong  line  at  3.276  eV  and  satellites  on  the 
low  energy  side  at  3.184,  and  3.092  eV.  The  main  line  at  3.276  eV  is  attributable  to  the  donor-to- 
acceptor  pair  (DAP)  transitions.  The  separation  between  two  consecutive  lines  is  about  92  meV  which 
corresponds  to  Al^O)  mode  of  GaN.  And  from  the  similar  decay  profiles  for  these  three  peaks,  the 
lines  at  3.184  and  3.092  eV  are  assigned  as  the  first  and  second  phonon  replica  of  the  DAP  transitions. 
At  present  we  do  not  know  exactly  the  nature  of  donors  in  our  samples.  The  donor  may  be  nitrogen 
vacancies.  We  can  also  see  high  energy  peaks  around  3.48  eV  which  are  due  to  free  excitons  and 
bound  excitons.  As  the  temperature  increases  the  DAP  transitions  were  observed  to  move  to  higher 
energy  by  few  meV.  This  behavior  is  attributable  to  the  enhancement  of  more  closely  spaced  pairs  by  a 
higher  thermal  ionization  rate  for  the  donors  when  the  temperature  is  raised.  Above  200  K  the 
luminescence  due  to  DAP  was  found  to  be  quenched.  We  could  also  notice  that  the  free  exciton 
emission  intensity  increases  relative  to  DAP  transitions  as  the  temperature  increases. 

Fig.  2  shows  the  PL  spectrum  in  the  excitonic  transition  region  at  12  K  where  FX(A),  FX(B),  DX 
and  AX  represent  the  free  exciton  A,  free  exciton  B,  donor  bound  exciton  and  acceptor  bound  exciton 
transiton,  respectively.  The  spectrum  for  doped  samples  shown  in  Fig.  2  has  exactly  the  same  features 
as  those  found  in  undoped  GaN  [1].  The  assignment  of  these  transitions  has  been  made  from  the 
temperature  dependent  PL  measurements. 

Fig.  3  shows  the  PL  spectra  of  samples  with  Mg  concentration  of  1  to  5  x  10'®  cm'^  after  annealing. 
We  can  see  well  resolved  peaks  at  3.276,  3.184,  3.092  and  3.00  eV  which  are  attributed  to  zero 
phonon,  first  phonon,  second  phonon  and  third  phonon  replica  of  DAP  transitions  in  the  annealed 


Fig.  1.  Temperature  dependent  PL  spectra  for  Mg-doped  GaN  epitaxial  layers  grown  on  (0001)  sapphire 
substrate.  Mg  concentration  is  less  than  1  x  10’®  cm'®. 
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Fig.  2.  Excitonic  region  PL  spectrum  for  Mg-doped  GaN  at  12  K.  Mg  concentration  is  less  than  1x10''®  cm"®. 


sample  compared  to  as-grown  (which  is  not  shown  here).  And  in  the  annealed  sample  we  observed  that 
the  PL  intensity  has  increased  to  a  large  extent.  As  the  temperature  increases  the  DAP  transition  is 
thermally  quenched.  The  thermal  quenching  of  DAP  is  followed  by  an  increase  in  the  new  band  around 
3.1  eV  at  90  K.  This  peak  could  be  observed  up  to  room  temperature  and  has  shifted  to  ~  2.96  eV  and 
is  considered  to  be  related  to  the  shallow  acceptor.  At  220  K  we  can  see  another  peak  at  ~  2.91  eV 
which  has  become  stronger  than  ~  2.96  eV  transitions.  This  is  regarded  as  due  to  another  acceptor 
level  which  is  a  little  bit  deeper  than  the  other  shallow  level.  This  transition  picks  up  intensity  as  the 


Fig.  3.  Temperature  dependent  PL  spectra  for  Mg-doped  GaN  after  annealing.  Mg  concentration  is  in  the 
range  of  1  to  5  x  10'®  cm"®. 
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temperature  increases  as  seen  in  Fig.  3.  The  increase  in  intensity  of  this  peak  with  temperature  is 
explained  by  the  favorable  population  of  deeper  levels  at  higher  temperature. 

Fig.  4  shows  the  PL  spectrum  of  highly  Mg-doped  GaN  at  12  K.  Very  deep  level  transitions  at  1.0, 
1.2,  1.8  and  2.2  eV  have  been  reported  by  several  workers  [2,3]  and  deep  level  has  been  reported  to  be 
at  2.43  eV  [4]  and  was  attributed  to  Mg  at  the  nitrogen  site.  However  we  did  not  observe  very  deep 
level  in  our  PL  measurements  even  for  the  high  Mg  concentration  of  5  x  10'’  cm-^.  The  absence  of 
such  very  deep  level  in  our  samples  indicates  that  complex  centers  of  Mg  do  not  exist  in  our  samples, 
and  that  the  samples  are  of  high  quality.  We  suggest  that,  controlling  the  crystal  growth  in  such  a  way 
that  the  acceptors  take  the  substitutional  positions  of  Ga  and  not  any  other  sites  like  the  substitutional 
position  of  nitrogen  or  interstitial  positions  will  give  the  desired  characteristics.  We  believe  that  Mg 
occupies  the  substitutional  site  of  Ga  in  GaN  lattice  for  acceptors. 


4.  Summary 

Good  quality  magnesium  doped  GaN  epitaxial  layers  with  higher  impurity  concentrations  were 
achieved  by  rotating  disk  vertical  MOCVD.  Temperature  dependence  of  PL  for  various  Mg 
concentrations  has  been  reported.  When  Mg  concentration  was  less  than  1x10'’  cm-^  donor-acceptor 
pair  transitions  were  observed  and  free  excitonic  transitions  were  observed  in  doped  GaN.  As  Mg 
concentration  increases  the  spectra  were  dominated  by  acceptor  related  transitions.  We  could  not  see 
any  deep  level  luminescence  from  complex  Mg  centers  or  yellow  luminescence  from  defects.  This  facts 
along  with  the  observation  of  free  excitons  shows  that  the  samples  are  of  good  quality. 
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Fig.  4.  PL  spectrum  for  Mg-doped  GaN  at  12  K.  Mg  concentration  is  higher  than  5  x  10'®  cm-®. 
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Abstract.  Properties  of  metalorganic  vapor  phase  epitaxy  (MOVPE)  grown  GaN  bulk  layers  with  varying 
GaN  buffer  growth  conditions  are  characterized  by  low-temperature  (6K)  photoluminescence  (LT-PL)  and  X- 
ray  diffraction  (XRD),  Full  width  at  half-maximum  (FWHM)  of  the  near-bandedge  emission  of  undoped  lay¬ 
ers  is  between  4.9  and  lOmeV,  exhibiting  no  distinct  dependence  on  buffer  growth  conditions,  PL  as  well  as 
photoreflectance  measurements  allowed  the  identification  of  neutral-donor  bound  exciton  (DqX)  emission  at 
-3.48eV,  and  free  A  and  B  exciton  emission  lines  at  ~6  and  -15meV  higher  energies,  respectively. 
UV/yellow  luminescence  integrated  intensity  ratio  and  XRD  FWHM  show  clear  dependence  on  buffer  growth 
conditions.  Decreasing  buffer  thickness  results  in  increasing  PL  intensity  ratio  and  decreasing  XRD  FWHM. 
For  thicker  buffers,  increasing  the  temperature  ramping  time  between  buffer  and  bulk  growth  also  improves 
optical  layer  quality.  Si-doped  GaN  was  grown  with  carrier  concentrations  between  9xl0”cm'^  and 
2xl0‘’cm‘^  The  PL  peak  position  decreases  with  increasing  carrier  concentration  and  its  FWHM  increases 
due  to  donor  banding  effects. 


1.  Introduction 

ni-N  compound  semiconductors  have  attracted  wide  attention,  largely  due  to  the  demonstration  of  blue 
light  emitters  [1],  and  their  potential  in  high-temperature  and  high-power  applications  [2].  Despite  the 
large  differences  in  lattice  constant  and  thermal  expansion  coefficients  with  regard  to  nitrides,  sapphire 
has  been  the  substrate  of  choice  for  device  applications,  made  possible  only  through  the  introduction  of 
low-temperature  grown  GaN  or  AIN  buffer  layers  [3,4].  A  wide  variety  of  GaN  buffer  growth  condi¬ 
tions,  e.g.  thickness,  growth  temperature,  etc.,  have  been  reported  to  result  in  device  quality  MOVPE 
grown  GaN  layers  on  sapphire  substrates  (e.g.  [1,2]).  This  is,  however,  in  most  cases  growth  system 
specific  and  only  few  reports  are  published  on  specific  trends  of  buffer  growth  conditions  on  bulk  layer 
quality  [5-8].  This  paper  addresses  such  issues  and  reports  on  the  impact  of  GaN  buffer  growth  condi¬ 
tions  on  GaN  bulk  quality  as  characterized  by  LT-PL  and  single-crystal  XRD. 


2.  Experimental 

The  GaN  layers  were  grown  by  low-pressure  MOVPE  (60torr)  on  c-plane  (0001)  sapphire  in  a  modi¬ 
fied  EMCORE  GS3200  system.  TMGa  and  NH3  were  used  as  precursors,  Si2H6  for  Si-doping,  and  H2 
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as  carrier  gas.  Bulk  growth  temperature  was  1040°C,  bulk  growth  rate  was  2.5|im/hr 
(TMGa=136pmol/inin)  at  V/in=1650,  and  bulk  layer  thickness  was  constant  1.25(im.  The  GaN  buffers 
(TMGa=17|imol/min  and  V/IH-SOOO)  were  grown  at  temperatures  between  500  and  550°C,  growth 
time  was  varied  between  150  and  630sec,  corresponding  to  buffer  thicknesses  of  ~80-400A,  and  the 
temperature  ramping  time  between  buffer  and  bulk  growth  was  varied  between  4  and  25min.  The  GaN 
layers  were  characterized  by  single  crystal  (0-20)  XRD.  LT-PL  measurements  have  been  performed  at 
6K  using  an  Argon  laser  by  COHERENT,  combined  with  a  monochromator  to  select  the  334nm 
emission  line  from  its  spectrum.  Output  power  was  kept  constant  at  15mW,  and  the  samples  have  been 
mounted  on  the  cold  fingers  of  a  liquid  helium  cooled  cryostat  equipped  with  a  temperature  controller. 


3.  Results 

All  GaN  layers  exhibit  smooth,  shiny  surfaces  and  are  clear  and  transparent.  XRD  FWHM  is  typically 
~250arcsec.  During  this  study,  background  carrier  concentration  was  in  the  mid  lO'Am'^  range  with 
mobilities  between  30  and  1  lOcm^A^s  corresponding  to  non-optimized  buffer  growth  conditions. 

6K  PL  FWHM  of  the  bandedge  emission  of  undoped  layers  is  between  4.9  and  lOmeV,  exhibit¬ 
ing  no  distinct  dependence  on  buffer  growth  conditions.  However,  the  UV/yellow  luminescence  inte¬ 
grated  intensity  ratio  shows  clear  dependence  on  buffer  growth  conditions.  Figure  1  shows  representa 
tive  UV  bandedge  PL  spectra  for  samples 
grown  with  constant  buffer  growth  tempe¬ 
rature  Tb=500°C  and  different  buffer 
growth  times.  The  main  peak  at  3.482eV  is 
usually  identified  as  the  neutral-donor 
bound  exciton  peak  (DoX),  blue-shifted  by 
13meV  due  to  strain  from  the  3.469eV  [9] 
measured  on  very  thick  (and  presumably 
completely  relaxed)  GaN  layers.  These 
spectra  clearly  exhibit  3  additional  peaks 
besides  the  main  peak.  The  shoulder  on  the 
low  energy  side  of  the  exciton  peak  at 
3.468eV  is  attributed  to  the  radiative  re¬ 
combination  of  an  exciton  bound  to  an  ac¬ 
ceptor  [10].  The  two  peaks  at  the  high  en¬ 
ergy  side  at  3.488  and  3.497eV,  which 
are  separated  by  6  and  15meV  from  the  DqX  peak,  respectively,  are  in  good  agreement  with  previous 
reports  and  can  be  interpreted  as  free  A  and  B  exciton  [9-15].  In  samples  where  the  exciton  lines  were 
not  well  resolved  in  the  PL  spectra,  photoreflectance  measurements  also  allowed  the  identification  of 
free  A  and  B  exciton  lines  at  5  and  14meV  above  DqX  energy  in  excellent  agreement  with  the  PL  re¬ 
sults.  Free  C  exciton  was  only  weakly  resolved  and  its  energy  is  estimated  to  be  30-35meV  above  DqX 
energy. 

3.1  Impact  of  buffer  growth  time 

Samples  have  been  grown  with  different  buffer  growth  times  to  determine  the  effect  of  buffer  thick 


Fig.  1:  PL  spectra  at  6K  showing  acceptor  bound,  neutral-donor 
bound  and  free  A  and  B  exciton  peaks. 
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ness.  In  Fig.  2,  the  UV/yellow  lumines¬ 
cence  integrated  intensity  ratio  and  the 
XRD  FWHM  are  plotted  as  a  function  of 
buffer  growth  time  with  buffer  growth  tem¬ 
perature  and  ramping  time  between  buffer 
and  bulk  growth  as  parameters.  (Intensity 
ratios  between  different  series  are  not  to 
scale.)  This  figure  clearly  indicates  im¬ 
proved  layer  quality  with  decreasing  buffer 
layer  thickness.  Except  for  very  thin  buffer 
and  long  ramping  time  (25min),  the  UV/ 
yellow  luminescence  integrated  intensity 
ratio  increases  and  the  XRD  FWHM  de¬ 
creases  as  the  buffer  thickness  is  reduced. 
This  dependence  is  in  genertd  independent 
of  buffer  growth  temperature  and  tempera¬ 
ture  ramping  time  between  buffer  and  bulk 
growth.  However,  for  thin  buffers,  a  short¬ 
er  ramping  time  seems  to  be  favorable  (cir¬ 
cles  vs.  squtires  in  Fig.  2).  This  might  indi¬ 
cate,  that  the  optima  of  ramping  time  and 
buffer  thickness  depend  on  each  other.  For 
a  thicker  buffer  layer,  the  optical  layer  qua¬ 
lity  improves  clearly  with  longer  ramping 
times  as  can  be  seen  in  Fig.  3. 

3.2  PL  measurements  of  highly  Si-doped 
samples 

Si-doped  GaN  has  been  grown  with  carrier 
concentrations  between  9xl0'’cm'^  and  2x 
10'*cm'^.  Hall  mobility  for  these  layers  is 
between  182cm^Ws  at  n=10'®cm'^  and  133 
cm^Ws  at  n=2xl0'®cm'^,  respectively.  Car¬ 
rier  concentrations  as  high  as  n=5xl0'^ 
cm'^  have  been  achieved,  however,  surface 
morphology  and  mobility  start  degrading 
for  carrier  concentrations  higher  than  2x 
lO’^cm'^.  A  recent  publication  for  MBE- 
grown  Si-doped  GaN  on  GaAs  reports 
drastic  broadening  of  the  PL  linewidths  up 
to  lOSmeV  at  6K  for  n=10'W^  [15].  Fi¬ 
gure  4  shows  the  shift  of  the  main  PL  peak 
position  and  its  FWHM  as  a  function  of  the 
Si2H6  flow.  In  the  semi-logarithmic  plot. 


Fig.  2:  UV/yellow  luminescence  integrated  intensity  ratio  and  XRD 
FWHM  as  a  function  of  buffer  growth  time.  (Intensity  ratio  between 


different  series  not  to  scale.) 


Fig.  3:  UV/yellow  luminescence  integrated  intensity  ratio  as  a 
function  of  ramping  lime  between  buffer  and  bulk  growth. 
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Fig.  4:  Main  PL  peak  position  and  its  FWHM  as  a  function  of  the 
Si^He  flow. 
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the  peak  position  decreases  linearly  with  increasing  Si  flow,  which  could  be  attributed  to  a  gradual  shift 
from  donor-bound  exciton  transitions  to  free  hole-to-donor  transitions  [15].  The  line  broadening  with 
increased  doping  level  is  in  our  case  much  less  severe  (34meV  at  n=1.9xl0'^cm‘^)  than  reported  in 
[15]  and  is  obviously  associated  with  donor  banding  effects  that  will  begin  to  occur  for  Nd>10‘*cm'^ 
due  to  the  Bohr  radius  of  electrons  in  GaN  of  ~23A  [15]. 


4.  Conclusions 

Overall,  we  report  on  trends  of  PL  and  XRD  of  GaN  bulk  layers  with  buffer  growth  conditions.  GaN 
characteristics  are  studied  under  various  buffer  growth  conditions,  e.g.  thickness,  growth  temperature, 
and  ramping  time  between  buffer  and  bulk  GaN  growth.  6K  PL  FWHM  of  the  bandedge 
photoluminescence  is  usually  around  4.9-lOmeV,  exhibiting  no  distinct  dependence  on  buffer  growth 
conditions.  Neutral-donor  bound  exciton,  free  A  and  B  exciton  peaks  could  be  identified  in  PL  and 
photoreflectance  measurements.  Layer  quality  as  estimated  by  XRD  FWHM  and  UV/yellow 
luminescence  integrated  intensity  ratio  improves  with  thinner  buffers  and/or  longer  temperature 
ramping  times  between  bulk  and  buffer  growth.  Si-doped  GaN  layers  have  been  grown  with  carrier 
concentrations  between  9xl0‘^cm'^  and  2xl0'’cm‘^.  The  peak  position  decreases  linearly  with 
increasing  Si  flow,  which  could  be  attributed  to  a  gradual  shift  from  donor-bound  exciton  transitions  to 
free  hole-to-donor  transitions.  The  line  broadening  with  increased  doping  level  is  obviously  associated 
with  donor  banding  effects. 
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X-Ray  Photoelectron  Diffraction  Study  of  Hexagonal  GaN(OOOl) 
Thin  Films 
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Abstract.  We  report  on  the  first  scanned-angle  x-ray  photoelectron  diffraction  measurements  on  GaN(OOOl)  in 
the  wurtzite  structure,  as  grown  on  sapphire  substrates  using  LPCVD.  These  as-grown  samples  reveal  forward 
scattering  peaks  in  agreement  with  a  theoretical  calculation  using  a  multiple  scattering  cluster  calculation. 
From  the  combination  of  experiment  and  theoretical  calculation  and  from  a  simple  intensity  ratio  argument  the 
surface  polarity  for  these  samples  could  be  determined  to  be  N.  The  surface  contamination  by  O  and  C  does  not 
exhibit  any  clear  stracture.  The  data  also  indicate  that  C  is  on  average  closer  to  the  GaN  surface  than  O. 


1.  Introduction 

GaN  is  a  promising  material  for  the  fabrication  of  blue  light-emitting  diodes  (LEDs)  and  lasers  due  to  its 
large  and  direct  bandgap.  The  electronic  properties  depend,  however,  strongly  on  the  geometric 
structure  and  the  quality  of  the  samples.  There  exist  two  different  phases  of  GaN:  a  hexagonal  wurtzite 
structure  which  is  the  stable  structure  (called  a-GaN),  and  a  zinc-blende  structure  which  can  only  be 
achieved  by  epitaxial  growth  (the  P-GaN  phase).  Since  the  normally  used  technique  of  X-ray  diffraction 
(XRD)  is  more  a  bulk  probe  and  is  furthermore  not  element-specific,  it  can  only  determine  the  overall 
structure  of  a  given  epitaxial  sample,  and  is  not  able  to  determine  the  actual  positions  of  the  atoms  with 
respect  to  the  surface.  Therefore  the  use  of  element-specific  x-ray  photoelectron  diffraction  (XPD) 
promises  to  give  a  more  detailed  view  of  the  near-surface  structure,  including  the  nature  of  the  surface 
polarity,  which  can  be  Ga  or  N,  or  some  mixture  of  these  two  growth  orientations.  This  is  especially 
important  since  surface  morphology  investigations  have  revealed  a  columnar  growth  for  a  wide  range  of 
growth  conditions  [1].  So  an  additional  question  is  whether  or  not  contaminants  like  0  or  C  are 
preferentially  incorporated  in  the  films  in  the  interstitial  regions  between  the  columns. 


2.  Experiment 

The  samples  we  used  have  been  grown  using  low-pressure  chemical  vapor  deposition  (LPCVD).  The 
substrate  for  the  wurtzite  structure  films  was  the  c-plane  (0001)  of  sapphire,  on  which  layers  of  about  2- 
3  pm  thickness  have  been  grown  without  a  buffer  layer.  With  XRD  the  overall  quality  of  the  layers  has 
been  checked  and  the  presence  of  a  (0001)  oriented  a-GaN  could  be  confirmed  [2].  Looking  at  the 
sample  surface  with  a  light  microscope  showed  the  aforementioned  hexagonal  columns. 

The  photoemission  measurements  have  been  performed  using  a  standard  X-ray  source  (A1  K(J^, 
hv  =1486.6  eV,  Mg  hv  =1253.6  eV  )  and  a  VG  ESCALAB  electron  analyzer,  which  has  been 
modified  so  as  to  permit  automated  XPD  measurements  [3].  This  system  is  equipped  with  a  two-axis 
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goniometer,  enabling  us  to  rotate  the  sample  on  two  perpendicular  axes  so  as  to  cover  essentially  the 
full  27C  solid  angle  of  emission  directions  above  the  surface.  The  sample  for  the  data  shown  here  was  as- 
grown,  meaning  that  it  was  not  treated  in  the  UHV  chamber.  Prior  to  introducing  it  to  the  chamber  the 
sample  was  cleaned  using  a  standard  chemical  cleaning  procedure  [4].  XPD  measurements  were  then 
begun  directly  after  a  system  bakeout  and  the  attainment  of  a  base  pressure  of  ~1  x  Torr  range. 
We  have  measured  the  Ga  3p  and  N  Is  core  levels  at  kinetic  energies  of  1382  eV  and  856  eV, 
respectively,  together  with  the  O  Is  and  C  Is  levels  at  722  eV  and  1203  eV,  respectively,  to  monitor  the 
surface  contamination.  The  diffraction  patterns  have  been  measured  with  starting  angle  steps  of  3°  for 
both  azimuthal  (([))  and  polar  (0)  angles.  However,  the  azimuthal  angle  step  was  adjusted  throughout  the 
measurements  to  ensure  an  equal  sampling  of  solid  angle.  In  order  to  cut  the  measuring  time  we  used 
the  expected  three-fold  symmetry  of  the  GaN  (0001)  surface.  Overall  measurement  times  were  several 
days,  but  the  relative  intensities  of  all  component  (Ga,  N,  O,  and  C)  were  found  to  be  stable  from  start 
to  finish. 


3.  Results 

Fig.  la)  shows  full  27C  photoelectron  diffraction  patterns  for  all  four  core  levels  measured.  Shown  is  the 
so-called  x-function  for  each  core  level  as  a  function  of  emission  angle  ((t),0)  It  is  obtained  from  the 
measurements  via  a  linear  background  subtraction  and  an  integration  of  the  intensity  over  the  width  of  a 
given  peak  in  an  energy  distribution  curve.  Furthermore,  an  isotropic  function  Iq  due  to  unscattered 
intensity  has  been  subtracted  from  the  measured  intensity  I((t),9):  X(<j),6)  =  (I(<t>.6)  -  lo) !  lo- 

One  clearly  observes  strong  diffraction  peaks  for  Ga  3p  and  N  Is  emission  in  a  nearly  six-fold 
pattern.  Most  of  these  maxima  result  from  scattering  along  high  symmetry  directions  of  the  crystal  and 
are  mainly  brought  about  by  the  highly  forward  peaked  nature  of  the  scattering  factors  at  such  high 
kinetic  energies.  Therefore,  these  peaks  are  referred  to  as  forward  scattering  maxima.  Comparing  this 
with  the  O  Is  and  C  1  s  diffraction  patterns  shows  immediately  that  C  and  O  do  not  have  any  ordered 
scatterers  in  between  them  and  the  detector,  as  they  have  basically  featureless  patterns  with  no  forward 
scattering  maxima.  The  weak  three-fold  symmetry  in  the  C  Is  pattern  is  probably  artifactual,  and  arises 
from  the  three-fold  symmetry  operation  used  to  obtain  the  full  diffraction  pattern.  Just  from  a  simple 
analysis  of  the  angle  of  the  forward  scattering  peaks  one  can  thus  confirm  the  overall  hexagonal 
structure  of  the  GaN  epilayer. 

A  more  quantitative  understanding  of  the  structure  can  be  obtained  by  comparing  these  patterns 
with  single-scattering  or  multiple-scattering  diffraction  calculations.  Using  the  unit-cell  crystal  structure 
as  reported  in  the  literature  and  a  cluster  with  12  atomic  layers  and  about  150  atoms  we  performed 
multiple-scattering  calculations  based  on  a  Rehr-Albers  approach  [5],  The  results  are  shown  in  Fig.  lb). 
We  show  the  diffraction  patterns  for  both  Ga  3p  and  N  Is  emission  and  for  a  surface  with  N  polarity. 
Both  patterns  here  are  three-fold  symmetric,  which  is  the  symmetry  of  the  GaN(OOOl)  cluster  as  seen  in 
the  surface-sensitive  XPD  experiment.  As  the  experiment  is  six-fold  symmetric,  this  suggests  the 
presence  of  two  domain  types  rotated  by  60°  with  respect  to  one  another  in  different  hexagonal 
columns.  With  this  in  mind,  the  agreement  between  experiment  and  theory  is  fairly  good.  There  is  also 
an  ongoing  discussion  about  whether  the  surfaces  are  Ga  or  N-polar  [6].  Although  not  shown  here,  a 
comparison  of  experiment  with  theory  using  R-factor  analysis  yields  much  less  agreement  for  the  Ga- 
polar  surface,  strongly  suggesting  a  N  polarity  of  the  sample  under  study. 
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Fig.l:  a)  Experimental  photoelectron  diffraction  patterns  (X-funclions)  for  the  four  core  levels  Ga  3p,  N  Is,  0  Is  and  C  Is, 
as  excited  with  A1  or  Mg  K(x  radiation,  respectively.  Data  obtained  over  120°  in  azimuth  have  been  three-fold 
symmetrized  to  yield  the  full  pattern,  b)  Theoretical  photoelectron  diffraction  patterns  for  a  N-polar  GaN  cluster  using  a 
multiple  scattering  cluster  calculation  scheme.  Shown  are  X-functions  for  Ga  3p  and  N  Is  emission  corresponding  to  a). 
Light  colors  correspond  to  high  intensity,  dark  colors  to  low  intensity. 

In  order  to  further  reveal  the  relative  positions  of  the  Ga  and  N,  as  well  as  the  contaminant  O  and  C 
atoms,  one  can  use  a  rather  simple  analysis  of  the  diffraction  patterns.  Since  the  photoelectron  sampling 
depth  varies  with  polar  takeoff  angle  0,  due  to  the  finite  electron  escape  depth,  Ae,  according  to  AesinG, 
plotting  azimuthally-averaged  intensity  ratios  of  the  different  core  levels  as  a  function  of  polar  angle  is  a 
way  to  get  such  information.  Therefore  we  have  plotted  in  Fig.  2  the  ratio  of  these  azimuthally-averaged 
intensities  for  various  combinations  of  the  measured  core  levels.  First  of  all,  the  baseline  of  the  ratio  Ga 
3p/N  Is  is  very  flat,  in  agreement  with  the  nearly  uniform  distribution  of  these  atoms  in  the  overall 
crystal.  At  first  sight,  it  is  a  little  surprising  that  there  is  no  enhancement  of  the  N  Is  relative  intensity  at 
low  takeoff  angles,  in  view  of  our  conclusion  of  N  termination  based  on  the  XPD  patterns.  However, 
this  can  be  explained  by  the  slightly  bigger  escape  depths  for  the  Ga  3p  photoelectrons,  which  have  a 
higher  kinetic  energy  as  compared  to  the  N  Is  photoelectrons.  So  this  data  is  not  in  contradiction  to  the 
above  finding  of  N  termination  of  the  surface. 

Considering  now  the  contaminant  peaks,  we  find  that  the  0  Is/Ga  3p  (0  Is/N  Is)  and  C  Is/Ga  3p 
(C  Is/N  Is)  ratios  show  a  dramatic  increase  for  low  takeoff  angles,  indicating  that  O  and  C  are  primarily 
surface  contaminants.  The  lack  of  any  increase  in  this  ratio  for  near-normal  emission  also  suggests  that 
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not  much  O  or  C  is  present  in  the  interstitial  regions  between  columns,  although  this  might  be  a 
reasonable  initial  conjecture.  Finally,  the  increase  in  the  O  Is/C  Is  ratio  for  low  takeoff  angles  suggests 
that  O  is  present  in  the  outermost  regions  of  the  contaminant  layer  and  that  C  is  on-average  closer  to 
the  GaN  surface  (e.g.  as  adsorbed  CO). 


Fig.  2:  Ratios  of  azimuthal- 
averaged  intensities  from  the 
diffraction  patterns  of  Fig.  la) 
plotted  versus  polar  angle. 
Shown  are  the  ratios  Ga3p/Nls 
(solid  line),  01s/Ga3p  (dotted 
line),  and  01  s/C  Is  (dashed  line). 
Ratios  have  not  been  corrected 
for  the  different  escape  depths 
of  the  photoelectrons  and  the 
different  photoemission  cross 
sections. 
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4.  Conclusions 

We  have  performed  the  first  x-ray  photoelectron  diffraction  (XPD)  measurements  on  an  as-grown 
wurtzite  GaN(0001)  sample.  We  obtained  diffraction  patterns  which  show  the  expected  crystal  structure 
for  the  bulk  material.  A  comparison  of  experiment  with  multiple  scattering  cluster  calculations  further 
shows  the  best  overall  agreement  for  a  N-polar  surface.  An  analysis  of  various  azimuthally-averaged 
peak  intensity  ratios  also  permits  concluding  that  both  0  and  C  are  present  as  surface  impurities, 
without  being  significantly  incorporated  into  the  interstitial  regions  between  hexagonal  columns,  and 
that  C  is  on  average  closer  to  the  surface  than  O.  These  results  illustrate  the  potential  of  XPD  for  a 
more  detailed  study  of  the  different  annealing  and  cleaning  procedures  and  their  effect  on  the  surface 
structure,  and  such  work  is  now  in  progress. 

5.  Acknowledgments 

We  would  like  to  thank  C.  Wetzel  and  E.  E.  Haller  for  providing  the  samples  and  introducing  us  to  this  topic,  R.  X. 
Ynzunza  for  helping  with  the  experiments,  S.  Ruebush  for  usage  of  azimuthal-averaging  and  smoothing  routine,  and  Y. 
Chen  for  the  use  of  his  program  for  calculating  diffraction  patterns.  Work  has  been  supported  by  ONR  (Contract  N00014- 
94-1-0162),  DOE,  BES,  Mat.  Sci.  Div.  (Contract  DE-AC03-76SF00098),  CNPq  (Brazil),  and  DEG  (Germany). 

6.  References 

[1]  T.  Sasaki,  J.  Crystal  Growth  129,  81  (1993) 

[2]  S.Koynov,  M.Topf,  S.Fischer,  B.K.Meyer,  P.Radojkovic,  E.Hartmann,  Z.Liliental-Weber,  J.Appl.Phys.82,  1890  (1997) 

[3]  J.  Osterwalder,  M.  Sagurton,  P.  J.  Orders,  C.  S.  Fadley,  B.  D.  Hermsmeier,  D.  J.  Friedman,  J.  Electr.  Spectr.  Relat. 

Phenom.  48,  55  (1989);  Y.J.  Kim,  PhD.  thesis  (University  of  Hawaii,  1995). 

[4]  V.  M.  Bermudez,  J.  Appl.  Phys.  80,  1190  (1996) 

[5]  J.  J.  Rehr  and  R.  C.  Albers,  Phys.  Rev.  B  41,  2974  (1993). 

[6]  M.  Asif  Khan,  J.  N.  Kuznia,  D.  T.  Olson,  R.  Kaplan,  J.  Appl.  Phys.  73,  3108  (1993) 


227 


Energy  Gap  Bowing  and  Refractive  Index  Spectrum  of  AlInN  and  AlGaInN 


J.  Piprek\  T.  Peng,  G.  Qui,  and  J.  O.  Olowolafe 

University  of  Delaware,  College  of  Engineering,  Newark,  DE,  19716,  USA 

Abstract.  High-quality  polycrystalline  AlInN  films  are  deposited  by  low-temperature  magnetron  re¬ 
active  sputtering.  The  energy  band  gap  is  measured  across  the  entire  compositional  range  and  strong 
band  gap  bowing  is  observed.  Within  the  transparency  wavelength  region,  the  effect  of  AlInN  compo¬ 
sition  on  the  refractive  index  spectrum  is  strongest  at  shorter  wavelength.  Taking  these  measurements 
into  account,  non-linear  interpolation  formulas  are  employed  to  predict  band  gap  and  refractive  index 
of  quaternary  AlGaInN  for  arbitrary  compositions. 


1.  Introduction 

Semiconductor  compounds  of  group-III  elements  (Al,  Ga,  In)  and  nitrogen  are  heavily  investigated 
for  applications  in  blue  light  emitting  devices.  Besides  binary  GaN,  those  devices  mainly  employ 
the  ternary  compounds  AlGaN  and  GaInN.  The  third  ternary  alloy  AlInN  is  less  explored  but  its 
investigation  is  of  substantial  interest.  The  knowledge  of  AlInN  properties  enables  predictions  for 
quaternary  AlGaInN  compounds. 

2.  Measurements  of  polycrystalline  AlInN  films 

AlInN  thin  films  are  prepared  by  magnetron  reactive  sputtering  at  low  temperatures  of  about 
200°C  [1],  Compared  to  a  previous  report  [2],  we  obtain  a  larger  variation  of  Al  content  including 
AIN  and  InN.  Rutherford  backscattering  spectroscopy  gives  the  A^Ini-iN  film  composition  within 
an  uncertainty  of  ±0.05  in  x  value  [1],  The  film  thickness  is  about  1000  nm.  The  X-ray  diffraction 
spectrum  indicates  a  high-quality  polycrystalline  structure  [1],  The  shift  of  the  diffraction  peaks 
with  composition  proves  the  solubility  between  AIN  and  InN,  i.e.,  the  sputtered  AlInN  alloys  are 
stoichiometric  materials  sharing  the  wurzite  structure.  Phase  separation  is  not  observed. 

Optical  transmission  is  measured  for  wavelengths  A  =  100  nm  -  800  nm.  The  plot  of  the 
absorption  coefficient  vs.  photon  energy  confirms  direct  band  gap  transitions  [3],  Grain  boundary 
effects  are  excluded  from  our  band  gap  analysis.  The  band  gap  Eg  is  given  as  function  of  the 
lattice  constant  in  Fig.  1.  The  typical  linear  interpolation  of  binary  data  is  shown  for  comparison. 
In  perfect  agreement  with  [2]  a  strong  energy  gap  bowing  is  found  for  Al^Ini-xN  alloys,  which 
might  be  attributed  to  the  atomic  size  difference  between  Al  and  In.  This  result  is  confirmed 
by  the  close  match  of  our  binary  data  with  typical  values  for  crystalline  AIN  and  InN  (see  Fig. 
1).  Thus,  the  ternary  compound  AlInN  seems  to  provide  poor  carrier  confinement  when  used  as 
lattice  matched  cladding  layer  on  typical  active  region  materials. 
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Lattice  constant  [A] 


Fig.  1:  Measured  direct  band  gap  bowing  of  AliIni^^N  (filled  squares)  in  comparison  to  linear 
interpolations  between  typical  numbers  of  crystalline  binary  materials  (open  circles).  The  solid  line 
corresponds  to  Eq.  (1). 


The  refractive  index  n  of  the  AlInN  films  is  determined  within  the  transparency  range  from  the 
interference  pattern  of  the  reflectivity  spectra  [3].  The  dependence  ofn(A)  on  alloy  composition  is 
shown  in  Fig,  2,  The  short  wavelength  limit  is  given  by  the  band  gap.  With  higher  In  content,  the 
band  gap  shrinks  and  the  spectrum  n(A)  shows  the  expected  shift  towards  longer  wavelength,  i.e., 
the  effect  of  AlInN  composition  on  the  refractive  index  spectrum  is  strongest  at  shorter  wavelength. 

3,  Interpolation  for  quaternary  AlGaInN  compounds 

This  investigation  of  AlInN,  together  with  previous  knowledge  of  AlGaN  and  GaInN  properties, 
enables  predictions  for  quaternary  compounds  AlrGEij,In]_j;_j,N.  The  ternary  band  gap  bowing 
delivers  the  basis  to  estimate  band  gap  and  refractive  index  of  quaternary  compounds.  Including 
values  for  crystalline  AIN  and  InN,  our  measurement  can  be  approximated  phenomenologically  by 

Eg{AlJni.^N)  =  1.9  +  2x^  +  2.32^^  (1) 

(solid  line  in  Fig.  1).  A  typical  bowing  equation  like  (2)  or  (3)  does  not  provide  reasonable 
agreement.  For  the  other  two  ternary  compounds  other  authors  [4,5]  measured  weak  energy  gap 
bowing 


Eg(GaJni-^N)  =  3.4a:  +  1.9(1  -  2)  -  2(1  -  2)  (2) 

Eg{Ga:,Ali-^N)  =  3.42  +  6.2(1-2) -0.52(1-2)  (3) 


Those  ternary  interpolation  formulas  are  usually  employed  to  predict  the  band  gap  of  the  quater¬ 
nary  compound 
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Fig.  2:  Measured  refractive  index  spectrum  in  the  transparency  region  for  three  different  compo¬ 
sitions  of  AlxIni_xN  (dots)  including  error  bars.  The  solid  lines  are  corresponding  results  of  the 
theoretical  model. 


Eg[AlxGayInzN) 


xyEg{AluGai-uN)  +  yzEg{GayIni-„N)  +  zxEg{Inu,Ali-y,N) 
xy  +  yz  +  zx 


with 


(4) 


z  =  1  —  X  —  y,  u  = 


l+x-y 


1+2/  ■ 


1  +  Z  —  X 


(5) 


The  result  is  plotted  in  Fig.  3  (dashed  line)  for  Al^Goylni-x-yN  lattice  matched  to  GaN 
(a:=0.823(l-j/)).  Despite  almost  identical  values  at  the  compositional  endpoints  j/=0  (a;=0.82) 
and  y=l  (x=0),  there  is  considerable  bowing  in  between  up  to  JSg=4.2eV  at  y=0.26  (a:=0.61). 
This  indicates  that  quaternary  compounds  could  be  used  as  lattice  matched  carrier  confinement 
layers. 

Our  refractive  index  model  follows  the  approach  of  Adachi  [6].  Neglecting  the  small  valence- 
band  split-off  in  AlGaInN,  we  obtain  for  photon  energies  h//  below  the  band  gap  energy  Eg  [7] 


n^{AlxGayIni^x-yN)  =  a  (^)  ^  [  2 
h/n 


^9 


(6) 


(Eq.  (1)  in  [7]  contains  a  typing  error).  The  band  gap  Eg{x,y)  is  given  by  Eq.  (4).  The 
fit  parameters  a(x,  y)  and  b(x,  y)  are  determined  from  comparison  to  measurements.  Using  our 
refractive  index  measurements  on  AlInN,  the  fit  gives 


a{AlxIni-xN) 

b{AlxIni-xN) 


13.55a:  +  53.57(1  -  x)  +  92x(l  -  x) 
2.05x  —  9.19(1  —  x)  —  40x(l  —  x) 


(7) 

(8) 


I 
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Fig.  3:  Calculated  band  gap  (dashed)  and  refractive  index  (solid)  at  different  wavelengths  for 
quaternary  compounds  Al^Ga~yIni-^-yN  lattice  matched  to  GaN. 


(see  solid  lines  in  Fig.  2).  Deviations  from  the  measurements  might  be  caused  by  grain  boundary 
effects  in  our  polycrystalline  material.  For  AlGaN  and  GaInN,  linear  interpolation  between  the  fit 
results  for  binary  materials  is  employed  (o,  6=  9.31,  3.03  for  GaN;  53.57,  -9.19  for  InN;  13.55,  2.05 
for  AIN)  [7].  A  formula  equivalent  to  Eq.  (4)  is  used  to  obtain  a{x,y)  and  b{x,y)  of  quaternary 
compounds.  The  solid  lines  in  Fig.  3  show  the  calculated  refractive  index  for  AlxGaylni-^-yN 
lattice  matched  to  GaN.  Three  standard  wavelengths  (ultraviolet,  blue,  green)  are  chosen  corre¬ 
sponding  to  3.35  eV,  2.64  eV,  and  2.19eV  photon  energy,  respectively.  At  370  nm,  the  refractive 
index  rises  strongly  with  y  approaching  zero.  In  all  other  cases,  the  quaternary  refractive  index  is 
lower  than  the  GaN  value  (2/=l).  Thus,  optical  waveguiding  within  GaN  active  regions  could  be 
supported  by  lattice  matched  cladding  layers  of  AlGaInN  or  AlInN. 
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Abstract.  We  describe  the  optical  and  structural  properties  of  InGaN  multiple-quantum-well  (MQW)  heterostructures 
grown  by  metalorganic  chemical  vapor  deposition  on  (0001)  sapphire  substrates.  These  structures  consist  of  In,Ga,.,N 
quantum  wells  and  InyGa,,yN  barrier  layers  with  GaN  or  AlGaN  cladding  layers.  A  comparison  of  the  300K 
photoluminescence  spectra  of  these  samples  indicates  that  the  emission  from  the  quantum  well  structure  is  not  strongly 
affected  by  the  high-temperature  overlayer  growth  of  GaN  or  AlGaN  films.  X-ray  diffraction  scans  show  superlattice  peaks 
and  indicate  that  the  MQW’s  are  fully  strained. 


1.  Introduction 

The  ni-N  compound  semiconductors  have  been  extensively  studied  as  a  result  of  the  rapid 
progress  in  the  growth  of  high-performance  InAlGaN-based  blue  and  green  light-emitting  diodes 
(LED’s)'  and  blue  and  violet  injection  laser  diodes  (LD’s).’  Detailed  studies  of  the  growth  of  the  binary 
compound  GaN  have  been  extensively  reported  by  a  variety  of  authors."  In  contrast,  while  high-quality 
InGaN  ternary  alloy  films  were  first  reported  in  1991’,  the  optical  and  structural  properties  of  InGaN 
quantum  wells  are  not  as  well  documented  in  the  literature. 

In  this  work,  we  have  studied  the  growth  of  In^Ga,.,^N/InyGa,^  multiple-quantum-well  (MQW) 
heterostructures  grown  on  GaN  heteroepitaxial  films  grown  on  (OOOl)  sapphire  substrates.  Some  of 
these  structures  have  been  grown  with  GaN  cladding  layers  while,  for  comparison,  others  have  been 
grown  with  AlGaN  cladding  layers.  We  report  the  results  of  a  study  of  the  X-ray  diffraction  rocking 
curves  and  asymmetric  reciprocal  space  maps  and  the  300K  PL  peak  intensity  and  linewidth  when 
AlGaN  cladding  layers  are  incorporated  into  the  MQW  structure. 


2.  Epitaxial  structures 

The  structures  used  in  this  study  are  grown  by  low-pressure  metalorganic  chemical  vapor 
deposition  (MOCVD)  in  an  EMCORE  Model  D125  rotating  disk  reactor  at  a  growth  pressure  -76  Torr 
and  a  rotation  rate  of  800  RPM.  The  Column  in  organometallic  precursors  employed  are 
trimethylgallium  (TMGa),  trimethylaluminium  (TMAl),  and  trimethylindium  (TMIn);  the  hydride 
ammonia  (NHj)  is  used  as  the  Column  V  source.  The  source  for  n-type  doping  is  a  mixture  of  SiH.  in 
Hj.  The  GaN  films  are  grown  in  Hj  at  ~  1050°C  using  a  V/m  ratio  ~  2,600  and  growth  rates  Rg  ~  50 
nm/min  for  GaN.  Al^pjG^  55N  films  are  grown  at  the  same  growth  temperature  but  using  lower  Column 
in  molar  flows  resulting  in  ~  14  nm/min.  The  InGaN  films  are  grown  at  lower  temperatures  iT„  ~ 
750-830°C),  and  a  higher  V/fll  ratio  ~16,000.  The  InGaN  layers  are  grown  in  a  predominantly  N, 
ambient  at  ~  8.4  nm/min,  as  has  been  described  previously.’ 
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3.  Photoluminescence  studies 

Room-temperature  (300K)  PL  measurements  have  been  made  on  the  MQW  structures  using  a 
continuous-wave  argon-ion  laser  operating  at  a  wavelength  of  275  nm  and  providing  excitation  levels 
-2.5  W/cm^  at  the  sample  surface.  The  spectra  reported  here  have  not  been  corrected  for  system 
response. 


4.  X-ray  diffraction  characterization 

In  this  work,  a  Philips  X’Pert  MRD  X-ray  diffraction  system  has  been  used  to  determine  the 
alloy  composition  of  “bulk”  InGaN  layers  as  well  as  the  “average”  composition  and  periodicity  for 
InGaN  MQW  and  superlattice  (SL)  structures.®  For  these  measurements,  we  have  employed  the  (0006) 

diffraction  in  the  fi>-20  mode.  For  thick  layers,  the  lattice  parameter  in  the  “a-axis”  (in  the  0001  plane) 
for  “completely  relaxed”  In,,Ga,.,,N  alloys  was  assumed  to  follow  Vegard’s  Law.  However,  thin  InGaN 
films  may  not  be  completely  relaxed  and  therefore,  the  degree  of  strain  in  the  film  is  an  important 
question  to  be  answered.  We  have  employed  asymmetric  reciprocal  space  mapping  to  determine  the 
degree  of  relaxation  present  in  selected  InGaN  MQW  structures. 


5.  Results  and  discussion 

5.1  InGaN  thick  heteroepitaxial  layers 

The  alloy  composition  of  thick  (80-200  nm)  InGaN-GaN  single-heterostructure  (SH)  and  double¬ 
heterostructure  (DH)  “calibration  layers”  (doped  with  Si)  has  been  determined  by  measurement  of  the 
300K  PL  spectra.  We  also  estimated  the  average  In  alloy  composition  from  the  X-ray  rocking  curve 
data,  assuming  a  fully  relaxed  film.®  Generally,  these  composition  values  agree  well  with  the  values 
determined  by  the  3(K)K  PL  data.  .  .  . 

The  300K  PL  from  the  InGaN: Si  bulk  double-heterostructure  samples  show  intense  emission 

related  to  the  bandedge  with  a  FWHM  as  low  as  ~  99  meV  for  a  peak  wavelength  of  A  ~  403  nm.  We 
have  optically  pumped  some  of  these  structures  and  have  obtained  77K  vertical-cavity  stimulated 
emission  from  an  ~60  nm-thick  InGaN-GaN  SH.‘® 

5.2  InGaN  MQW-GaN  heterostructures 

The  300K  PL  emission  from  a  five-period  of  Inp  i3Ga(,87N/  Inp^jGao^N  (3.5  nm^.O  nm)  MQW 
heterostructure  having  a  1.5  pm-thick  GaN  lower  cladding  layer  and  an  —20  nm-thick  high-temperature 

GaN  “cap”  layer  is  shown  in  Figure  1  (a).  The  peak  wavelength  is  A  -  403.5  nm,  the  FWHM  value  is 
- 176  meV  (23. 1  nm),  and  the  MQW/yellow  band  intensity  ratio  is  -  173. 

The  alloy  compositions  and  thicknesses  of  the  In,jGa|,„N  quantum  wells  and  Inj,Ga,.yN  barrier 
layers  in  the  MQW  structures  are  estimated  from  the  peak  positions  of  the  0  th-order  and  the  n  =  -1  and  - 
2  superlattice  (SL)  peaks  in  (0006)  (0-26  scans,  and  the  intended  layer  thicknesses  estimated  from 
growth  times.  Shown  in  Figure  2  (a)  are  the  results  for  an  InGaN-GaN  MQW  showing  the  three 
negative  superlattice  peaks  from  which  we  calculate  the  period  and  compositions.  In  general,  good 
agreement  was  found  between  the  measured  and  expected  values  of  the  compositions  and  period. 

To  further  analyze  the  strain  and  mosaicity  of  these  MQW  heterostructures,  we  have  performed 
two-dimensional  reciprocal-space  mapping  (RSM)  of  the  InGaN  MQW  wafers.  Recently,  Li,  et  al., 
reported  such  measurements  for  a  three-period  MQW  structure  having  Inp  o6Gao  ,4N  QW’s  and  GaN 
barriers  (period  A  =  51  nm).  Their  results  demonstrated  that,  to  the  resolution  of  this  technique,  such 
structures  are  essentially  fully  strained."  We  have  performed  similar  asymmetric  (105)  RSM  analyses  of 
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Ino  ,3GaQ  8,N/  Ing„3Ga„57N  five-period  MQW  structures  (period  A  =  10.5  nm)  with  GaN  “cladding 
layers.  From  the  vertical  alignment  of  the  diffraction  isointensity  contours  for  the  GaN  film  and  the 
InGaN  MQW,  we  conclude  that  these  ternary-ternary  MQW’s  with  GaN  cladding  layers  are  coherently 
strained.'^ 


Wavelength  (nm) 

Figure  1 :  300K  PL  spectra  for  InGaN  MQW  structure 

with  (a)  GaN  and  (b)  AlGaN  cladding  layers. 
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Figure  2:  (0006)  X-ray  diffraction  data  on  InGaN  MQW’s 

(a)  with  and  (b)  without  AlGaN  cladding  layers 


5.3  AlGaN-InGaN MQW-AlGaN-GaN  heterostructures 

It  is  important  to  detennine  the  effect  of  the  high-temperature  overgrowth  of  GaN  and  AlGaN 
cladding  layers  on  InGaN  MQW’s.  This  is  especially  of  concern  for  diode  laser  structures  which 
typically  have  >0.75  |J.m  of  AlGaN  and  GaN  overlayers  grown  at  high-temperature,  resulting  in  a 
significant  high-temperature  “anneal”  for  the  InGaN  MQW  structure  grown  at  low-temperature.  It  can  be 
expected  that  a  significant  change  in  the  interface  and  bulk  properties  of  the  InGaN  QW’s  and  barriers 
can  occur  during  this  high-temperature  cycle,  possibly  contributing  to  the  formation  (or  destruction)  of 
spatial  inhomogeneities  in  InGaN  alloys.'^  Other  similar  effects  can  arise  from  the  additional  strain 
provided  by  the  incorporation  of  AlGaN  cladding  layers. 

To  evaluate  the  effect  of  the  incorporation  of  AlGaN  cladding  layers,  we  have  grown  InGaN 
MQW  structures  similar  to  those  of  Figure  1  (a)  but  having  a  0.25  |am-thick  lower  Al^  ojGao  jjN  cladding 
layer  and  an  ~20  nm-thick  upper  cladding  layer  of  the  same  alloy  composition.  The  300K  PL  from  this 
structure  is  shown  in  Figure  1  (b).  We  observe  a  relatively  narrow  MQW-related  emission  from  this 

sample  having  a  peak  emission  at  2.^  ~  402  nm,  a  FWHM  value  -151-156  meV  (19.7-20.2  nm),  and  a 
MQW/yellow  band  intensity  ratio  -  385.  The  emission  from  our  MQW  wafers  generally  exhibits 
FWHM  values  in  the  meV  range  149-160  meV  for  peak  wavelengths  -400-405  nm. 

To  determine  the  alloy  composition  and  thickness  of  the  MQW  structure,  we  have  measured  the 

(0006)  (0-26  scans  as  shown  in  Figure  2  (b).  The  period  and  compositions  are  identical  to  those 
determined  for  the  MQW  with  GaN  cladding  layers  shown  in  Figure  2  (a).  To  evaluate  the  degree  of 
strain  present  in  InGaN  MQW/AlGaN  structures,  we  have  examined  RSM’s  employing  the  (105) 
asymmetric  reflection  of  an  In,Ga,.,N/Inj,Ga|.^  MQW  with  AlGaN  cladding  layers  grown  on  a  1.5  pm 
GaN  buffer  layer. From  this  measurement,  it  is  clear  that  all  of  the  layers  are  fully  strained  on  the  GaN 
buffer  layer.  Thus  the  incorporation  of  the  AlGaN  (or  GaN)  cladding  layers  does  not  seem  to  result  in 
relaxation  of  the  MQW  structure. 

We  expect  that  for  a  hght-emitting  device,  there  will  exist  an  optimal  number  of  wells  and  also 
quantum-well  and  barrier  thiclmesses  and  compositions,  as  well  as  an  optimum  choice  for  the  AlGaN 
compositions  and  thicknesses.  From  our  previous  PL  study,  the  optimi  MQW  stmcture  for  QW’s  in 
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this  thickness  range  (3.5  nm  <  <  4.2  nm)  and  alloy  composition  {x  ~  0.13)  has  been  determined  to 

contain  five  wells°so  we  have  used  this  MQW  “active  region”  in  this  study.  From  the  fact  that  we  do  not 
see  an  increased  FWHM  value  or  significant  change  in  the  peak  emission  wavelength  of  the  PL  spectra 
with  the  incorporation  of  AlGaN  cladding  layers,  we  conclude  that  the  increased  strain  resulting  from 
these  layers  does  not  contribute  to  pronounced  roughening  of  the  interfaces  or  the  modification  of  the 
interface  abruptness.  TEM  analysis  of  these  structures  is  currently  underway  and  is  expected  to  support 
these  conclusions. 


5.  Conclusions 

In  conclusion,  we  have  grown  In^Ga,  ^N/Inj,Ga,.yN  MQW  heterostractures  by  MOCVD  on  GaN 
heteroepitaxial  GaN  layers  deposited  on  (000 i)  sapphire  substrates  and  have  shown  somewhat  enhanced 
300K  luminescence  properties  of  MQW’s  having  AIGaN  cladding  layers.  No  degradation  of  the 
luminescent  properties  of  the  MQW’s  is  observed  resulting  from  increased  strain  due  to  the  increased 
lattice  mismatch  due  to  the  AIGaN  cladding  layers.  X-ray  diffraction  studies  show  superlattice  peaks  and 
also  indicate  that  the  MQW’s  are  fully  strained. 
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Abstract.  Fundamental  optical  transitions  in  GaN  and  InGaN  epilayers,  InGaN/GaN  and  GaN/AlGaN 
multiple  quantum  wells  (MQWs)  grown  both  by  metal-organic  chemical  vapor  deposition  and  reactive  molecular 
beam  epitaxy  have  been  studied  by  picosecond  time-resolved  photoluminescence  spectroscopy.  The  exciton  binding 
energies  and  radiative  recombination  lifetimes  of  the  free  excitons  and  bound  excitons  have  been  obtained.  Effects 
of  well  thickness  on  the  optical  properties  of  In„Ga|,,N/GaN  and  GaN/Al^Gai.^N  MQWs  have  also  been  studied. 

1.  Introduction 

GaN  based  devices  offer  great  potential  for  applications  such  as  UV-blue  lasers,  solar-blind  UV  detectors, 
and  high-power  electronics.  Researchers  in  this  field  have  made  extremely  rapid  progress  toward  materials 
growth  as  well  as  device  fabrication.  ‘  The  commercial  availability  of  super-bright  blue  light  emitting 
diodes  (LED)  and  the  demonstration  of  the  room  temperature  blue  lasers  based  on  the  GaN  system  are  clear 
indicative  of  the  great  potential  of  this  material  system.^’’  Recently,  there  has  been  much  work  concerning 
the  fundamental  optical  transitions  in  GaN.'*"’  It  is  expected  that  all  optoelectronic  devices  based  on  GaN 
will  take  advantages  of  multiple  quantum  well  (MQ'l^  structures  of  GaN/AlGaN  and  InGaN/GaN.  Thus 
a  better  understanding  of  the  fundamental  optical  transitions  in  nitride  epilayers  and  MQWs  is  needed. 

2.  Experimental 

Samples  used  in  this  work  include  GaN  and  In^GUi.^N  epilayers  and  In„Ga|.„N/GaN  and  GaN/Al,,Ga,.,;N 
MQWs  grown  both  by  metal-organic  chemical  vapor  depositions  (MOCVD)  and  by  reactive  molecular 
beam  epitaxy  (MBE).  Their  structures  and  parameters  are  summarized  in  Table  1.  All  samples  studied 
were  of  wurtzite  structure  grown  on  sapphire  (AljO,)  substrates  with  AIN  buffer  layers. 

Low  temperature  time-resolved  PL  spectra  were  measured  by  using  a  picosecond  laser  spectroscopy 
system  with  an  average  output  power  of  about  20  mW,  a  tunable  photon  energy  up  to  4.5  eV,  and  a  spectral 
resolution  of  about  0.2  meV.'*'’  A  micro-chaimel-plate  photomultiplier  tube  (MCP-PMT)  together  with  a 
single  photon  counting  system  was  used  to  collect  time-resolved  PL  data  and  the  overall  time  resolution 
of  the  detection  system  was  about  20  ps. 

3.  Results  and  Discussions 

3. 1  GaN  epilayers.  Figure  1  shows  four  low-temperature  (1 0  K)  photoluminescence  (PL)  spectra  obtained 
for  samples  A,  B,  C,  (MOCVD)  and  sample  G  (MBE).  For  high  purity  epilayer  grown  by  MOCVD 
(sample  A),  two  emission  lines  with  energy  peak  positions  at  about  3.485  eV  and  3.491  eV  are  identified 
as  due  to  the  recombination  of  the  ground  state  of  free  A  and  B  excitons  [A(n=l)  and  B(n=l)].*  The 
narrow  linewidths  of  these  two  emission  bands  are  clear  indication  of  its  high  crystalline  quality  of  sample 
A.  Our  results  show  that  the  energy  separation  between  the  A  and  B  valance  bands  is  about  6  meV  with 
the  assumption  that  A  and  B  exciton  binding  energies  are  comparable.’  An  emission  line  due  to  the 
recombination  of  the  first  excited  state  of  the  A-exciton  A(n=2),  which  is  about  14.3  meV  above  the 
A(n=l)  emission  line,  is  also  observable  in  sample  A  at  T>40  K.  For  an  as-grown  sample  with  a  higher 
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Sample 

Materials 

X 

Structure 

Type 

Carrier  Concentration  (cm’’) 

MOCVD 

A 

GaN 

Epilayer 

n 

5  X  10'^ 

B 

GaN 

n 

2.4  X  10" 

C 

GaN 

Epilayer 

p 

1x10" 

D 

In,Gai.,N 

0.12 

Epilayer 

n 

E 

25  A  In,Ga,.,N/GaN 

0.15 

MQW 

F 

90  A  ImGa,-.N/GaN 

0.15 

MQW 

MBE 

G 

GaN 

Epilayer 

Insulating 

H 

25  A  GaN/AhGa,-,N 

0.07 

MQW 

I 

50  A  GaN/Al,Gai.,N 

0.07 

MQW 

Table  I.  Structures  and  parameters  of  GaN,  InGaN  epilayers,  InGaN/GaN  and  GaN/AlGaN  MQW  samples  used  in 
this  work.  Well  thicknesses  of  MQWs  are  also  indicated. 

native  donor  concentration  (sample  B),  the  dominant  emission  line  occurs  at  3.476  eV  and  is  due  to  the 
recombination  of  the  excitons  bound  to  neutral  donors,  called  Ij.'’  The  shoulder  at  about  3.484  eV  in 
sample  B  is  due  to  the  free  A  exciton  (n=I)  recombination.  Thus  the  binding  energy  of  the  neutral-donor- 
bound  exciton  is  about  8-9  meV.  For  Mg  doped  p-type  epilayer  (sample  C),  the  dominant  emission  line 
at  3.459  eV  is  due  to  the  recombination  of  neutral-acceptor-bound  excitons,  called  1,.'“  A  value  of  about 
26  meV  is  thus  obtained  for  the  binding  energy  of  the  neutral-acceptor-bound  exciton  in  GaN.  For  a  MBE 
grown  high  quality  and  purity  epilayer  (sample  G),  three  emission  lines  at  3.483  eV,  3.489  eV,  and  3.498 
eV  are  observable,  which  correspond  to  the  transitions  of  the  ground  state  of  A-  and  B-excitons  and  the 
first  excited  state  of  the  A-exciton  (n=2),  respectively.''  The  energy  difference  between  the  first  and  the 
ground  states  of  the  excitons  thus  gives  the  binding  energy  of  the  A  exciton,  Ei,=(4/3)x(3.498-3.483)  eV 
=  20  (meV).  The  energy  separation  between  the  A  and  B  valence  bands  obtained  from  sample  G  (6  meV) 
is  consistent  with  that  obtained  from  sample  A.  The  slight  energy  difference  in  the  peak  positions  of  the 
A(n=l)  and  B(n=l)  emission  bands  for  sample  A  and  G  (3.485  eV  vs.  3.483  eV  and  3.489  eV  vs.  3.491 
eV)  may  be  due  to  a  slight  difference  in  strain  in  these  two  different  samples. 

3.2  InGaN  epilaver.<!.  Figure  2(a)  shows  a  PL  emission  spectrum  for  a  MOCVD  grown  InGaN  epilayer 
(sample  D)  measured  at  10  K.  By  comparing  with  the  PL  spectra  of  GaN  epilayers  (Fig.  1(a)  and  Fig. 
1(d)),  the  emission  peak  position  is  clearly  shifted  toward  lower  energy  due  to  In  incorporation.  Another 
efect  is  that  the  emission  linewidth  of  the  InGaN  epilayer  is  more  than  one  order  of  magriitude  larger  than 
those  of  GaN  epilayers  due  to  alloy  disorder.  The  emission  peak  position  in  sample  D  is  at  about  3.193 
eV  with  a  full  linewidth  at  half  maximum  (FWHM)  of  about  55  meV,  which  is  due  to  the  recombination 
of  localized  excitons.  In  an  alloy,  the  exciton  localization  is  caused  by  energy  fluctuations  in  the  band  edge 
induced  by  alloy  disorder  and  the  linewidth  is  correlated  with  the  exciton  localization  energy. 

3. 3  InGaN/GaN  MQWs  .  The  MQW  sample  with  well  thickness  of  25  A  (sample  E  shown  in  Fig.  2(b)) 
emits  an  exciton  line  at  3.21 1  eV.  The  emission  linewidth  seen  in  MQWs  is  broader  than  that  in  the  InGaN 
epilayer.  Quantum  confinement  is  also  evident  by  comparing  the  PL  spectrum  of  MQWs  (sample  E) 
shown  in  Fig.  2  (b)  with  that  of  InGaN  epilayer  (sample  D)  shown  in  Fig.  2(a).  For  MQWs  with  large  well 
thicknesses,  e.g.  L^=  90  A  (sample  F  shown  in  Fig.  2(c)),  a  dominant  emission  at  2.963  eV  is  observed. 
From  the  fact  that  the  energy  position  of  this  emission  line  is  below  the  exciton  emission  line  in  InGaN 
epilayers,  we  attribute  it  to  an  impurity  related  transition.  Since  the  growth  conditions  for  25  and  90  A 
MQWs  are  identical,  our  results  indicate  that  the  90  A  well  thickness  is  above  the  critical  thickness  of  the 
InGaN/GaN  MQW  system.  Above  the  critical  thickness,  strain  is  relieved  by  the  creation  of  large  density 
of  misfit  dislocations,  which  leads  to  the  dominance  of  the  impurity  transition. 

3,4.  GaN/AlGaN  MQWs.  As  shown  in  Fig.  3,  in  GaN/Al,Ga,.,,N  MQWs,  the  dominant  emission  lines 
always  result  from  the  well  region  at  low  temperatures.  Comparing  the  PL  spectra  shown  in  Fig.  3(a)  and 
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Fig.3.  PL  emission  spectra  of  GaN/Al,Oa|.,N  MQWsfa)  and  (b), 
and  GaN  epilayer  (c)  measured  at  T  =  10  K. 


Fig.  2.  PL  emission  spectra  of  ln^Ga,.,N/GaN  MQWs  (b)and(c), 
and  ln^Ga,.^N  epilayer  (a)  measured  at  T=10  K. 


Fig.  4.  PL  temporal  responses  measured  at  the  spectral  peak  positions 
for  MBE  and  MOCVD  samples:  GaN  and  ln^Ga,.,N  epiiayers, 
GaN/Al,Ga,.^N  and  In^Ga,.^N/GaN  MQWs . 
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3(c),  the  exciton  emission  line  resulting  from  the  25  A  MQWs  (sample  H)  is  blue  shifted  by  56  meV  with 
respect  to  the  GaN  epilayer  (sample  A).  Comparing  the  PL  spectra  shown  in  Fig  3(b)  and  3(c),  the 
dominant  emission  line  in  the  50  A  MQWs  is  71  meV  below  the  exciton  emission  line  (sample  I).  Our 
results  for  GaN/AlGaN  MQWs  can  be  summarized  as  follows;  (i)  the  optical  transitions  in  MQWs  with 
narrow  well  widths  (L^,,  <  40  A)  are  blue  shifted  with  respect  to  the  GaN  epilayer,  however,  no  such  blue 
shift  was  evident  for  the  MQW  samples  with  well  thickness  greater  than  40  A  and  (ii)  the  band-to-impurity 
transitions  are  the  dominant  emission  lines  in  MQWs  of  large  well  thicknesses  (L^  >  40  A). 

3.5.  Recombination  lifetimes.  Recombination  lifetimes  of  various  emission  lines  in  GaN  and  InGaN 
epilayers  and  InGaN/GaN  and  GaN/AlGaN  MQW  samples  used  here  have  been  measured.  Fig.  4  shows 
PL  temporal  responses  of  exciton  emission  lines  in  GaN  and  In,,Ga,.„N  epilayers,  GaN/Al„Ga,.„N  and 
InjGa,.,,N  MQWs  measured  at  their  respective  spectral  peak  positions.  In  general,  the  exciton  lifetimes  in 
MQWs  are  enhanced  compared  with  those  in  epilayers.  The  typical  exciton  lifetime  is  around  0.3  ns  in 
GaN  epilayers  and  0.6  ns  in  InGaN  epilayers.  ^Moreover,  the  exciton  recombination  lifetime  in 
GaN/AlGaN  MQWs  of  narrow  well  thickness  (<  40  A)  increases  linearly  from  about  0.3  ns  to  about  0.45 
ns  as  temperature  increases  from  10  to  60  K,  which  is  a  hallmark  of  radiative  recombination  in  MQWs." 


4.  Summary 

Our  results  have  revealed  that  the  optical  transitions  at  low  temperatures  are  dominated  by  I2  (IJ  in  n-type 
(p-type)  epilayers  and  free  exciton  transitions  in  high  quality  and  purity  GaN  epilayers.  The  binding 
energies  of  free  and  bound  excitons  have  been  determined.  The  dominant  optical  transitions  in  In^Ga,. 
,N/GaN  and  GaN/Al,Ga,.  MQWs  are  localized  excitons  at  low  temperatures  due  to  alloy  disorder  and/or 
well  width  fluctuation.  Quantum  confinement  effect  has  been  observed  for  MQWs  of  narrow  well  widths. 
Exciton  lifetimes  in  different  materials  and  structures  have  been  measured  and  compared. 
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Abstract  A  mechanism  for  efficient  radiative  light  emission  in  GaN  is  presented.  Stokes  shifted  emission 
was  found  to  propagate  almost  exclusively  along  the  c-plane  when  excited  deep  behind  this  surface.  Onset  of 
stimulated  emission  is  observed.  Emission  intensity  increases  with  the  magnitude  of  the  Stokes  shift  which  in 
turn  increases  with  film  thickness,  i.e.  reduced  biaxial  stress  conditions.  We  propose  a  model  for  the  levels 
nature  based  on  the  strong  oscillator  of  the  heavy  hole  A-transition  and  its  ciystal  field  coupling  to  the  small 
density  of  states  associated  the  light  hole  B-transition.  Highest  emission  is  found  for  bulk-like  stress 
conditions  where  the  valence  band  top  is  found  to  be  formed  by  the  light  hole  mass. 


1.  Introduction 

Identification  and  optimization  of  the  light  emission  process  in  wide  gap  GaN  [1]  and  its  alloys  with 
InN  and  AIN  is  a  major  task  of  optical  spectroscopy.  Record  breaking  device  efficiencies  of  light 
emitting  diodes  and  laser  structures  and  their  rapid  improvement  over  time  indicate  features  very 
unique  to  this  wurtzite  semiconductor  system.  Among  several  surprising  properties  of  the  nitrides  an 
apparent  contradiction  between  improvements  of  structural  properties  resulting  in  a  decreasing 
luminescence  efficiency  has  become  common  knowledge. 

Large  lattice  mismatch  between  nitrides  and  possible  substrates  results  in  a  variety  of  biaxial 
stress  conditions  expressed  in  the  ratio  of  lattice  constants  c  and  a.  This  additional  parameter  directly 
affects  the  electronic  bandstructure  in  the  top  of  the  valence  band  controlling  optical  and  transport 
properties.  Most  of  GaN  characterization  and  development  has  been  performed  on  thin  epitaxial  films 
using  sapphire  or  6H-SiC  as  a  substrate.  While  bulk-like  GaN  has  been  obtained  only  in  small  crystal 
sizes  its  polarization  and  orientation  dependent  characterization  provides  the  key  elements  to  establish 
the  electronic  band  structure  and  its  stress  behavior. 


2.  Experimental 

2. 1  Samples  and  Equipment 

Stress  relaxed  bulk  GaN  crystals  from  hydride  vapor  phase  epitaxy  (HVPE)  employing  a  ZnO  buffer 
technique  [2]  at  a  size  of  3  mm  x  2  mm  x  400  pm  have  been  investigated.  Lattice  constants  from  X-ray 
diffraction  are  3.1890  A  (a)  and  5.1850  A  (c).  The  crystals  are  highly  oriented  with  mirror-like  c-  and 
fl-plane  surfaces.  For  comparison  a  20  pm  high  temperature  vapor  phase  epitaxy  (VPE)  GaN  film  on 
6H-SiC  [3],  a  10  pm  hydride  VPE  (HVPE)  GaN  film  and  a  2  pm  metal  organic  chemical  vapor  phase 
deposition  (MOCVD)  GaN  film  on  sapphire  are  presented.  All  samples  are  nominally  undoped.  From 
Raman  spectroscopy  [4]  of  the  Ai(LO)  phonon  mode  a  free  electron  concentration  of -3x10”  cm'^  was 
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Figure  1.  Directional  PL  of  400  nm  bulk  GaN,  a)  From  the 
a-plane  edge  excited  on  the  a-surface  (right),  and  excited 
on  the  c-plane  surface  offset  from  the  edge  by  ~300  pm.  b) 
c-plane  luminescence  at  much  weaker  intensity,  c)  a-plane 
edge  emission  under  high  density  excitation. 


Figure  2.  Directional  PL  of  GaN  films  with 
different  thickness  (T=300K).  Paired  peaks 
dominate  in  c-plane  emission  and  splitting 
increases  with  thickness. 


derived.  Photoluminescence  was  excited  using  20  mW  of  an  325  nm  HeCd  laser  and  a  1  mJ  pulsed  NF 
337  nm  laser.  Photoreflectance  was  excited  by  a  Xe  lamp,  modulated  resonantly  by  the  HeCd  laser  and 
a  mechanical  chopper,  dispersed  by  a  25  cm  monochromator  and  detected  by  a  photomultiplier  tube. 
All  components  are  centrally  software  controlled.  All  data  presented  were  taken  at  room  temperature. 

2.2  Oriented  Photoluminescence 


Photoluminescence  (PL)  (T=  300K)  of  the  c-plane  surface  of  bulk  GaN  is  shown  in  Fig.  lb).  It  consists 
of  a  two-peak  structure  with  V-shaped  minimum  centered  approximately  at  half  the  splitting  energy. 
Compared  to  other  samples  the  intensity  is  very  weak  only.  Turning  to  the  emission  off  the  a-plane  the 
situation  changes  dramatically  (Fig,  la),  (right  hand  spectrum).  Total  intensity  is  approximately  100 
times  higher  and  for  photoexcitation  onto  the  a-plane  the  upper  wing  clearly  dominates  leaving  only  a 
weak  terrace  like  remnant  of  the  lower  wing.  Changing  the  location  of  the  photoexcitation  to  the  c- 
plane  and  increasing  the  distance  to  the  edge  of  detection  by  up  to  500  pm  the  spectrum  changes  to 
convert  all  the  intensity  into  the  lower  wing  (Fig.  la),  (left  hand  spectrum).  Propagation  is  therefore 
strongly  limited  to  the  c-plane.  This  part  of  the  emission  is  subject  of  highest  interest.  Under  pulsed 
high  density  excitation  an  onset  of  stimulated  emission  occurs  in  the  lower  wing  (Fig.  Ic)  (c-plane 
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Figure  3.  Dielectric  function  of  bulk  GaN  for  both 
polarizations.  A  clear  oscillator  structure  interacting 
with  a  resonant  background  in  both  polarizations  is 
observed  in  £j.c.  Real  part  of  ^\c  is  larger  than 
imaginary  part 


excitation  and  a-plane  detection,  offset 
~300|im)  [1,5].  Note  that  all  characteristic 
energies  like  upper  and  lower  edges  of  the 
wings,  as  well  as  the  minimum  in-between  are 
kept  constant  in  all  spectra. 

PL  under  weak  excitation  densities  off 
a-  and  c-plane  in  the  10  pm  and  2  pm  GaN 
films  are  compared  in  Fig.  2.  The  features  of  a 
single  strong  mode  in  a-plane  emission  and  the 
double  peak  structure  for  c-plane  emission  are 
observed  in  all  studied  samples.  For  decreasing 
film  thickness  the  respective  splitting 
decreases.  There  is  a  consistent  deviation  of  the 
higher  maximum  in  both  detection  geometries. 
Intensities  could  be  determined  qualitatively 
finding  the  a-plane  emission  significantly 
increases  with  film  thickness  as  (1:10:100). 

2.3  Ellipsometric  Spectroscopy 

Spectroscopic  ellipsometry  to  derive  absolute 
values  of  the  complex  dielectric  function  in  the 
vicinity  of  the  bandgap  was  performed  for  Elc, 
sLc  from  reflection  of  the  c-plane  and  for  E\\c, 
£||c  fi'om  reflection  of  the  a-plane  (Fig.  3).  It  is 


due  to  the  large  thickness  of  the  bulk  crystal  that  data  could  be  taken  from  the  a-plane  edge.  Using  a 
Brewster  angle  geometry  a  high  degree  of  a-polarization  could  be  achieved.  Clear  features  in  the 
imaginary  part  of  sic  mark  the  transversal  energy  of  a  strong  oscillator  at  3403  meV  interacting  with  a 
continuum  at  higher  energies  as  seen  by  the  pronounced  longitudinal  mode  in  the  real  part  at  3416 
meV.  This  feature  shows  characteristics  of  excitons  in  highest  purity  semiconductors  at  low 
temperatures.  Here,  however,  this  sharp  structure  is  observed  at  room  temperature  in  400  pm  GaN 
obtained  from  high  growth  rate  vapor  phase  epitaxy.  It  is  this  unusual  feature  that  we  ascribe  to  the 
unique  properties  of  efficient  light  emission  processes.  In  addition  interaction  with  other  modes  are 


obvious  from  the  additional  minimum  at  3303  meV,  below  the  transversal  mode.  In  fi||c  no  sharp 
features  are  observed  in  this  region  of  the  spectrum.  Note  that  here  the  imaginary  part  of  cjlc  is  larger 
than  the  real  part,  a  situation  typically  encountered  on  the  high  energy  side  of  the  main  oscillator,  i.e.  at 
the  optical  bandgap. 


2.4  Photoreflection  Spectroscopy 


A  higher  sensitivity  to  the  dielectric  function  is  obtained  by  photoreflection  where  the 
spectroscopically  measured  reflection  is  modulated  by  chopped  20  mW  of  a  325  nm  HeCd  Laser. 
Normalized  to  the  DC  component  polarized  SfJ/SPszsnmXl/f?  for  sic  (Fig.  4).  Interpretation  in  the  bulk 
sample  can  be  supported  by  computation  of  the  reflection  at  normal  incidence  from  the 
ellipsometric  data.  Assuming  that  only  the  bandgap  energy  is  changed  by  the  photo  modulation  a 
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Figure  4.  Photoreflectance  of  ^vplane  GaN.  In  direction  of 
increasing  thickness  one  mode  approaches  the  central  minimum 
and  another  crosses  through  the  maximum  away  to  the  low 
energy  side. 


numerical  derivative 

8R/R„iJ5ExllRcaic  reproduces  very 
well  all  the  structures  in  the 
photoreflection  data.  It  is  common  to 
use  models  where  several  degrees  of 
freedom  for  each  expected  oscillator 
are  used  to  describe  photoreflection 
data.  Here,  however  we  are  concerned 
not  only  with  single  oscillators  such  as 
excitons  at  low  temperature  but 
instead  with  continua  of  states.  We 
therefore  use  a  visual  inspection  of 
data  sets  and  collect  the  extrema 
locations  as  measured. 

Photoreflection  spectra  of  GaN 
samples  with  various  thicknesses  are 
combined  in  Fig.  4.  Samples  are 
arranged  in  the  sequence  of  total  GaN 
thickness  and  for  the  ease  of 
interpretation  spectra  are  offset  in 
energy  to  align  the  overall  minimum 
position.  Taking  the  central  oscillation 
as  a  reference  two  satellite  modes  are 


observed  on  either  side  indicated  by  vertical  bars.  In  direction  of  increasing  film  thickness  the  lower 


one  branches  away,  crosses  through  the  maximum  of  the  major  line  and  re-appears  as  a  broad 
minimum.  In  parallel  the  upper  line  approaches  gradually  the  center  double  structure.  Peak  positions 


are  collected  in  Fig.  5. 


3.  Interpretation 

Wurtzite  belongs  to  the  CJ‘  space  group  and  the  C^,  point  group.  In  Y  the  valence  band  maxima  are  of 
Fg,  r7,  and  F,  symmetry.  This  sequence  from  higher  to  smaller  electron  energy  has  been  found  from 
excitonic  features  at  temperatures  below  10  K  in  biaxially  compressed  GaN  as  typically  grown  on 
sapphire  substrate  [6].  The  conduction  band  minimum  is  of  F,  symmetry.  In  addition  to  the  spin  orbit 
coupling  that  splits  the  valence  band  maximum  in  sphalerite  (zincblende)  degeneracy  of  heavy  and 
light  hole  bands  is  further  lifted  by  the  crystal  field  in  wurtzite.  This  additional  parameter  of  the 
bandstructure  corresponds  to  the  second  lattice  constant  of  the  unique  c-axis.  A  fixed  relation  between 
da  for  GaN  single  layers  of  variable  thickness  has  been  established  [2]  reflecting  the  biaxial  stress 
conditions.  As  a  function  of  da  the  level  splitting  described  by  the  spin  orbit  splitting  energy  and 
the  crystal  field  splitting  energy  A,f  exhibits  an  anticrossing  behavior  of  the  respective  bands. 
Experimental  values  Arf=  22  +2  meV,  A„  =  11  +5  meV  were  found  in  small  bulk-like  crystals  [7]  and 
theory  values  are  found  as  large  as  Acf  =  73  meV  and  A<,  =  16  meV  [8].  Electric  dipole  interband 
transitions  for  £lc,  sic  light  propagating  in  K\\c  is  allowed  between  pairs  (conduction  band  cb,  valence 
band  vb)  cb:  F,  ->  vb:  F,  (A),  cb:  F7  ->  vb:  F,  (B),  and  cb:  F,  vb:  F,  (C),  whereas  for£||c,  d\\c,  light 
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propagating  in  kLc  only  transitions  B  and  C  are 
allowed.  Bandstructure  calculations  of  the 
effective  valence  band  masses  along  the 
corresponding  i-axes  find  /«hh  =  1.65  (A),  m,!,  = 
0.15  P),  and  Wch=  1.10  (C)  [8],  The  highest 
energy  derivative  density  of  states  has  therefore 
to  be  attributed  to  the  A-transition  (see  Fig.  5). 

Considering  all  the  features  an 
assignment  of  the  modes  to  A,  B,  and  C 
transitions  and  transition  ranges  is  possible. 
Most  importantly  is  the  observation  of 
oscillator  strength  corresponding  to  transition 
range  B  below  the  strong  mode  of  A.  This 
results  in  a  level/transition  sequence  in  400  pm 
bulk  GaN  from  HVPE  at  room  temperature  of 
r7  (B),  r.,  (A),  and  T,  (C).  The  so  identified 
modes  are  compared  with  the  PL  results  (Fig. 
5).  While  small  energetical  changes  are 
observed  in  the  vicinity  of  the  strong  A 
oscillator,  large  level  shifts  occur  on  the  low 
energy  side.  The  dominant  PL  mode  exhibits  an 
even  faster  shift  than  the  B-mode  feature  in  the 
ellipsometric  and  photoreflective  data. 
Furthermore  transition  B  corresponds  to  the 
minimum  in  the  c-plane  luminescence 
equivalent  to  the  characteristic  edge  in  a-plane 
luminescence.  We  conclude  that  transition  B 
determines  the  optical  bandgap  and  higher 
wing  emission  from  deep  behind  surface  a  is 
reabsorbed  above  B  (Fig.  1). 

Remains  to  be  solved  the  elemental  question  concerning  the  nature  of  the  strong  luminescence 
level  Stokes  shifted  below  the  optical  absorption  edge  providing  the  optical  gain  for  stimulated 
emission.  The  observed  splitting  of  levels  A,  B,  and  C  can  be  described  in  the  picture  of  Fano 
resonances  [9],  A  single  oscillator  in  transition  A  interacts  with  strength  V  with  a  continuum  above 
transition  B  characterized  by  the  light  hole  mass  Wih  (Inset  of  Fig.  6).  Both  A  and  B  each  interact  with 
the  conduction  band  by  oscillator  strengths  Ta  and  Tb,  respectively. 

The  band  of  transition  B  has  an  effective  upper  limit  at  the  energy  of  transition  C  [8].  In  a 
schematic  model  calculation  we  assume  the  values:  strengths  Tb!  Tp,=  0.3,  mode  A  at  3500  meV,  B 
extending  from  3330  to  3500  meV  and  variable  coupling  strength  F  e  {1,  2,  3  ...  10}.  Depending  on 
Fa,  Tb  and  the  matrix  element  V  coupling  them  in  the  given  energetical  sequence  oscillator  strength 
from  A  and  B  is  removed  and  projected  to  an  energy  below  the  optical  bandgap.  The  new  level  draws 
its  strength  and  polarization  from  both  the  continuum  above  B  and  the  two  dimensional  oscillator  in  A. 
Its  level  is  determined  directly  by  the  coupling  of  A  and  B  which  is  the  quantity  of  the  crystal  field 
coupling. 

We  find  that  propagation  of  this  new  mode  is  strongly  limited  to  the  c-plane  minimizing 
emission  in  conventional  easily  implemented  PL  geometry. 


Film  Thickness  /  Growth  Method 

Figure  S.  Maxima  and  minima  as  measured  in  PL, 
photoreflectance  and  eiiipsometry.  After  crossing 
through  the  dominant  osciiiator  one  mode  exhibits  a 
large  Stokes  shift  for  thicker  films.  Large  symbols 
mark  dominant  peaks . 
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Figure  6.  Schematic  model  of  interaction  of  oscillator 
above  continuous  density  of  states  with  limited  width 
(Fano  resonance).  Dependent  of  coupling  strength  some 
oscillator  strength  is  projected  beyond  the  limits  of  the 
initial  gap  defining  a  Stokes  shifted  band. 


4.  Results 

In  400  |im  bulk  GaN  from  HVPE  we 
observe  a  strong  oscillator  in  sic 
associated  we  heavy  hole  Fg  edge  of 
transition  A.  This  room  temperature 
feature  corresponds  to  excitons  in  two- 
dimensional  systems  at  low  temperatures. 
Top  of  the  valence  band  is  formed  by  the 
light  hole  r,  of  transition  B.  Interaction  of 
both  produces  an  additional  Stokes  shifted 
mode  in  the  transparent  energy  range  of 
the  gap.  Its  propagation  is  ideally  limited 
to  the  c-plane  consistent  with  7t 
polarization,  E\\c  at  the  recombination  site. 
Forming  the  valence  band  edge  the  light 
hole  mass  may  provide  low  transparency 
densities,  low  inversion  thresholds  and  a 
dispersion  symmetrical  to  the  conduction 
band  edge.  Onset  to  stimulated  emission  is 
observed  for  largest  Stokes  shift. 
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Abstract.  We  have  imaged  Be  delta-doped  layers  in  GaAs  with  atomic  resolution  using  cross-sectional  scanning 
tunneling  microscopy  (STM).  In  the  samples,  grown  at  low  temperature  (480  “C),  we  observe  that  the  width  of  doping 
layers  for  concentrations  up  to  1-10‘’  cm'^  is  smaller  than  1  nm,  while  for  higher  doping  concentrations  we  find  that  the 
doping  layer  thickness  increases  strongly  with  doping  concentration.  This  broadening  is  symmetrical  about  the  intended 
doping  plane.  We  believe  that  this  broadening  of  the  doping  layer  at  high  doping  concentrations  is  due  to  Coulombic 
repulsion  between  individual  Be  ions.  The  effect  of  Coulombic  repulsion  can  also  be  observed  in  the  spatial  distribution 
of  the  dopant  atoms  in  the  plane  of  the  doping  layer. 

1.  Introduction 

As  the  size  of  electronic  devices  decreases,  better  control  over  the  growth  is  required.  With  present 
day  growth  techniques  like  MBE,  CBE  etc.  atomically  sharp  interfaces  can  be  obtained.  However,  in 
small  novel  devices  not  only  the  layer  structure  has  to  be  controlled  on  the  atomic  scale,  also  the 
dopant  atoms  have  to  be  confined  to  a  few  atomic  layers.  The  technique,  of  confining  dopant  atoms  to, 
ideally,  a  single  atomic  layer  is  referred  to  as  delta  doping.  Moreover,  in  these  devices  the  local 
doping  concentrations  has  to  be  increased  too  in  order  to  have  sufficient  free  carriers  available.  Thus 
there  is  a  large  amount  of  interest  in  the  physics  and  applications  of  delta  doping  layers  in 
semiconductors. 

Delta  doped  layers  have  been  studied  using  many  techniques!  1-6].  Unfortunately,  all  these 
techniques  have  a  limiting  depth  resolution  of  a  few  nm.  Several  authors  [7,8]  have  recently  shown 
that  individual  ionized  dopants  can  be  observed  in  cross-sectionally  cleaved  ni-V  semiconductors 
surfaces  with  STM.  It  is  a  strong  advantage  of  STM  that  individual  atoms  at  a  surface  are  observed  so 
that  there  is  not  some  kind  of  averaging  in  one  or  two  directions  as  is  the  case  with  other  techniques. 
Because  the  (110)  cross-sectional  surface  is  perpendicular  to  the  (001)  growth  surface  by  means  of 
this  technique  one  can  study  the  spreading  of  the  doping  layer  as  well  as  the  distribution  of  the  dopant 
atoms  within  the  dopant  plane  [9]. 

2.  Experimental  details 

The  GaAs  structure  we  have  studied  was  grown  at  480  ®C  with  a  growth  rate  of  about  1  pm/h 
(= monolayer/sec)  on  a  (001)  p'^  substrate  with  alignment  0.0  ±  0.2  °.  The  Be  delta-doped  layers  were 
obtained  by  doping  the  growth  surface  during  a  growth  interrupt  lasting  from  10  s  up  to  360  s,  while 
the  surface  was  under  an  As  flux.  In  this  way,  a  stack  of  four  doping  layers  was  produced  with  doping 
concentrations  of  310‘^cm‘^,  1-10'^  cm"^,  310'’  cm"’  and  MO''*  cm  ’,  respectively.  25  nm  of  undoped 
GaAs  was  grown  between  the  individual  doping  layers.  This  stack  of  four  delta  doping  layers  was 
repeated  3  times  in  the  structure  where  each  stack  was  separated  by  a  doped  2.5  nm  AlojGaogAs 
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marker  layer.  The  intended  doping  concentration  was  checked  by  SMS  measurements  and  the  electric 
activity  of  the  dopant  atoms  in  the  layers  by  etching  CV  profiling.  The  STM  measurements  were 
performed  in  an  UHV  environment  (p  =  MO  "  torr)  on  freshly  in  situ-cleaved  samples. 

3.  Results 

In  Fig.  1  we  show  a  large  scale  As  related  image  across  a  full  stack  of  four  delta  doped  layers.  The 
white  hillocks  which  are  due  to  individual  ionized  doping  atoms  are  clearly  visible  [6].  Ionized  Be 
closest  to  the  cleaved  surface  appear  brightest  while  deeper  lying  dopants  appear  weaker.  We  are  able 
to  observe  ionized  dopant  atoms  up  to  a  depth  of  about  1 .5  nm  below  the  cleaved  surface. 

From  expanded  images  like  in  Fig.  1  the  position  of  the  Be  atoms  was  determined  with  atomic 
resolution  in  both  the  [001]  and  the  [110]  direction.  Fig.  2  shows  the  spreading  of  the  dopants  in  the 
[001]  growth  direction.  The  spreading  is  given  in  bilayer  units  where  one  bilayer  consists  of  a  single 
As  layer  and  a  single  Ga  layer.  A  Gaussian  fit  was  used  to  quantitatively  determine  the  spreading  of 
the  dopants. 


Fig.  1.  STM  image  of  Be-delta  doped  layers.  Large  scale  (300*120  nm^  compressed)  As  related  image  of  one  of  the 
stacks  consisting  each  of  four  delta-doped  layers.  Tunneling  conditions:  sample  bias  =  1.0  V  and  tunnel  current  20  pA. 
The  grey-scale  range  is  0.08  nm  with  a  [001]  corrugation  of  approximately  0.03  nm.  Electrically  active  Be  dopants  appear 
as  white  hillocks  of  approximately  2.5  nm  in  diameter  and  up  to  0.05  nm  high. 

4.  Discussion 

The  unprecedented  resolution  in  Fig.  1  shows  the  potential  of  X-STM  for  the  study  of  delta-doped 
layers.  No  other  technique  is  able  to  get  a  similar  atomic  resolution  as  demonstrated  here  for  the  case 
of  X-STM.  The  results  show  a  near  single  atomic  layer  thickness  for  the  doping  layers  with  the  lowest 
doping  concentration  whereas  a  considerable  broadening  is  observed  for  the  layers  with  the  higher 
doping  concentration.  We  also  observed  a  small,  about  2  bilayers,  shift  of  the  dopant  plane  from  the 


Della  Layer  Width  (ML) 


247 


intended  doping  position  towards  the  growth  surface.  This  shift  is  probably  due  to  the  field  induced 
drift  from  the  surface  depletion  field  which  exists  at  the  surface  of  the  semiconductor  [10].  However, 
this  surface  depletion  field  cannot  be  responsible  for  the  broadening  of  the  dopant  layers  at  high 
doping  concentrations  because  we  observe  a  symmetric  broadening  of  the  doping  layer  centred  around 
the  intended  dopant  plane.  We  believe  that  this  broadening  is  due  to  the  mutual  Coulomb  repulsion 
between  the  individual  Be  ions.  This  drift/diffusion  process  is  active  in  the  absence  of  the  surface 
depletion  field  as  can  seen  from  the  ongoing  drift/diffusion  during  growth  of  the  sample.  This  is 
confirmed  in  Fig.  2  where  we  show  that  in  the  different  stacks  of  delta  layers  the  thickness  of  the 
dopant  layer  depends  on  the  time  at  growth  temperature. 

Fig.  2.  Layer  width  as  a  function  of  the  intended  doping 
concentration  and  the  time  at  growth  temperature  for  the 
three  stacks  of  doping  layers.  Data  from  stack  1  (circle), 
stack  2  (triangle)  and  stack  3  (square)  are  shown. 

s 

1 

s 
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One  of  the  most  exciting  possibilities  of  X-STM  is  the  fact  that  we  are  able  to  study  the  distribution 
of  the  dopants  in  the  plane  of  the  doping  layer.  The  study  of  the  in  plane  distribution  can  be  used  to 
check  if  any  ordering  of  the  dopants  is  occurring.  A  convenient  way  of  showing  the  presence  of 
structure  in  a  particle  distribution  is  the  radial  distribution  function  (frequency  plot  of  the  pair 
distance  for  all  available  pairs  in  the  set  of  particles).  In  Fig  3  we  show  the  radial  distribution  function 
of  the  doping  layers  with  doping  concentrations  of  MO'’  cm"’  and  3-10'’  cm'’,  respectively.  In  the 
case  of  a  totally  random  distribution  one  would  observe  a  flat  radial  distribution  function,  g(r)  =  1.  Fig 
3  clearly  shows  that  close  pairs  of  dopant  atoms  are  much  less  common.  The  distribution  of  the 
ionized  Be  atoms  thus  has  the  character  of  a  so  called  strongly  interacting  gas. 

We  believe  that  the  absence  of  the  close  pairs  is  due  to  the  mutual  repulsion  of  the  two  ionized 
dopants.  This  is  the  same  Columbic  repulsion  that  spreads  the  dopants  out  in  the  growth  direction. 
Thus  it  might  be  difficult  to  obtain  a  long  range  order  in  the  dopant  distribution,  because  the  same 
effect  that  orders  in  the  in-plane  dimensions  pushes  the  dopants  off  the  plane  in  the  growth  direction. 
To  achieve  order  it  may  be  important  to  use  longer  growth  interrupts  because  during  this  time  the 
drift/diffusion  of  the  dopants  is  highly  anisotropic  with  motion  on  the  growth  surface  being  far  more 
likely.  In  the  future,  it  will  be  very  interesting  to  see  what  the  influence  of  the  structure  in  the  ionized 
dopant  distribution  is  on  the  mobility  of  free  carriers  that  scatter  on  these  ionized  impurities.  In  the 
ideal  case  of  perfect  long  range  order  producing  a  Wigner  crystal  of  ionized  Be  atoms,  the  scattering 
of  the  free  carriers  on  the  impurity  distribution  is  absent. 
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Dopant  S^aration  ((1101  bilayers  (0.4  nm)) 


Fig,  3,  Radial  distribution  function  for  the  delta  layers  with  doping  concentrations  of  (a)  3-10'^  cm"^  (b)  MO”  cm'^  and 
(c)  3-10”  cm'^  respectively  as  determined  from  the  XSTM  images  (circle).  The  radial  distribution  function  for  a  random 
distribution  is  shown  by  the  dotted  line. 

5.  Conclusions 

Using  STM  we  have  shown  that  the  width  of  the  doping  layers  for  concentrations  up  to  1T0‘^  cm'^  is 
smaller  than  1  nm.  In  doping  layers  with  a  higher  doping  concentration  we  find  that  the  doping  layer 
thickness  increases  strongly  due  to  Coulombic  repulsion  between  individual  Be  ions.  The  Coulombic 
repulsion  can  also  be  observed  in  the  spatial  distribution  of  the  dopants  in  the  plane  of  the  doping 
layer. 
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Abstract.  We  have  used  room  temperature  photoreflectance  spectroscopy  to  study  interfacial 
electronic  properties  of  various  oxide-GaAs  heterostructures.  The  samples,  Air-,  Al^O,-,  GajO,,-,  and 
Ga203(Gd203)-GaAs,  were  fabricated  by  in-situ  molecular  beam  epitaxy.  Build-in  electric  fields  are  48, 44, 
and  38  kV/cm  for  Air-,  AljO,-,  and  GajO^-GaAs  samples,  respectively,  corresponding  to  the  interfacial 
state  density  (D;,)  of  2.4, 2.2,  and  1.9x10"  cm‘^  eV‘‘,  respectively.  For  the  Ga203(Gd203)-GaAs  sample,  the, 
build-in  electric  field  is  negligibly  small,  indicating  a  very  low  interfacial  state  density.  Estimated  by  the 
low  field  limit  criterion,  D,,  is  less  than  1x10"  cm‘^  eV'.  Our  results  are  consistent  with  the  previous  data 
obtained  using  capacitance-voltage  measurements  in  quasi-static/high  frequency  modes. 

1.  Introduction 

The  dielectric  or  insulating  film  has  played  an  important  role  in  the  fabrication  of  conventional 
and  low  dimensional  field-effect  metal-insulator  conductor  devices.  [l]-[5]  However,  for  the  high 
mobility  materials  such  as  GaAs  and  its  related  compounds,  which  are  the  mostly  commonly  used  for 
low  power,  high  speed  devices,  the  insulating  film  providing  low  interface  state  density  and  stable 
device  operation  is  still  not  available.  Many  efforts  have  been  made  on  the  searching  of  such 
dielectric  film  including  Si3N4,  SiOj,  AljOj,  and  GajOj  deposited  in  combination  with  dry,  wet  and 
photochemical  surface  treatment. [6]-[9]  Recently,  M.  Passlack  et  r7/.[10]  of  Bell  laboratory  have 
reported  a  new  approach  to  grow,  by  in-situ  molecular  beam  epitaxy,  a  Ga20,(Gd203)-GaAs  structure 
with  interface  state  density  in  the  low  10'°  cm'^eV"'  range  at  midband  energy  and  an  interface 
recombination  velocity  of  4500  cm/s.[10]-[12]  A  capacitance-voltage  (C-V),  capacitance-time  (C-T), 
conductance-voltage  (G-V)  and  steady  state  photoluminesence  (PL)  measurements[13]  were 
employed  in  their  investigations  on  the  electronic  interface  properties. 

In  this  letter,  we  present  results  of  our  studies  on  the  electronic  properties  of  the  oxide- 
semiconductor  interface  by  contactless  and  nondestructive  photoreflectance  (PR).  Four  samples.  Air-, 
AI2O3-,  Ga20„,  Ga203(Gd203)-GaAs  (bare  sample  surface)  were  studied.  From  the  observed  Franz- 
Keldysh  oscillations  (FKOs)  of  the  PR  spectra  we  were  able  to  estimate  the  interface  electric  fields 
and  deduce  the  densities  of  interface  states. 

2.  Experiment 

Samples  were  grown  using  a  multiple-chamber  UHV  system. [10]  A  typical  growth  sequence 
entailed  different  oxide  films  being  deposited  on  1.5  pm  of  n-type  GaAs  buffer  layer  (1.6x10"'  cm'^) 
which  had  been  previously  grown  on  a  highly  doped  n-type  (100)  GaAs  substrate.  The  oxide  films, 
AI2O3-,  Ga20,(-,  and  Ga203(Gd203)-GaAs  were  deposited  using  molecular  bbams  of  aluminum  and 
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Table  1.  The  sample  structure,  dielectric  film  thickness,  the  values  of  the  interface 


field  F|„,  and  the  density  of  interface  states  Dj,. 


Dielectric  film 

Thickness  (A) 

Fi„(kV/cm) 

Di,(10‘'  cm'W) 

Air 

X 

48 

2.4 

AI2O3 

700 

44 

2.2 

Ga^O, 

600 

38 

1.9 

Ga^O^CGd^Oj)* 

400 

<21 

<1.0 

*  Estimated  from  the  low  field  limit  criterion,  |  ti  Qf/r^<l/3 


gallium-oxide.  Single  crystals  of  Al^O,,  GaA.  and  GdjGajO,^  were  used  as  source  materials  and 
evaporated  by  e-beam  technique.  According  to  the  report  by  Passlack  et  a/.,[10]  the  use  of  GdjGajOjj 
was  motivated  by  the  unavailability  of  single  Ga203  crystal  and  led  to  the  first  successful  deposition 
of  gallium  oxide  molecules  forming  extremely  uniform  nonstoichiometry  GajOjfGdjOj)  films  on 
GaAs.  Samples  with  different  dielectric  film  materials  and  thickness  are  listed  in  Table  1. 

A  standard  PR  apparatus  was  used  in  this  study.  [14]  The  probe  beam  consiked  of  a  tungsten 
lamp  and  a  quarter  meter  monochromator.  A  He-Ne  laser  served  as  the  pump  beam.  The  detection 
scheme  consisted  of  a  Si  photodetector  and  a  lock-in  amplifier.  The  probe  and  pump  beams  were 
defocus  on  the  sample  to  reduce  the  photovoltaic  effect.  All  measurements  were  performed  at  room 
temperature  and  at  a  modulation  frequency  of/=200  Hz. 

3.  Theory 

In  PR,  the  electric  field  of  the  sample  is  modulated  through  the  changes  in  the  surface 
photovoltage  induced  by  the  absorption  of  the  photons  above  the  band  gap.  When  an  electric  field  is 
applied  to  a  sample,  electrons  and  holes  are  accelerated  by  the  field.  The  electro-optic  energy,  %  D,  is 
defined  as  [15] : 

(^Q)H/iFe)V2p  (1) 

where  F  is  the  electric  field  and  p  is  the  reduced  interband  electron  and  heave  hole  pair  effective  mass 
in  the  direction  of  the  electric  field.  The  line  shape  of  the  PR  spectrum  in  the  low  field  limit 
I  h  G|’/r^<l/3,  where  T  is  the  broadening  parameter,  can  be  fitted  to  [1 6], [1 7]: 

AR/R=Re[Ae''’(E-E+ir)-"’]  (2) 

where  A  is  the  amplitude,  6  the  phase  angle,  E  the  incident  photon  energy,  E,,  the  interband  transition 
energy  and  m  is  a  parameter  depending  on  the  type  of  tlie  critical  point  (for  three  dimensional  critical 
point  m=5/2).  If  an  electric  field  exists  and  is  not  in  the  low  field  limit,  the  analysis  of  the  PR 
spectrum  is  based  on  the  so-called  high  field  limit  of  electroreflectance.  Under  this  limit,  the  PR 
spectra  near  the  fundamental  absorption  edge  exhibit  FKOs  above  the  band  gap  energy.  The  extrema 
in  the  FKOs  are  given  by  [18],[19]: 

n7r=(^+^[(E„-Eey^f2]“ 


(3) 
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where  n,  cj),  E„  and  are  the  index  of  the  n*  extrema,  an  arbitrary  phase  factor,  the  photon  energy  of 
the  n*  oscillation  and  the  energy  band  gap,  respectively. 

4.  Results  and  Discussion 

Fig.  1  shows  the  PR  spectra  for  all  samples  at  room  temperature.  Spectra  of  the  three  samples 
Air-,  AljO,-,  and  GajO^-GaAs  contain  the  FKOs  features  (labeled  A-D  in.  Fig.  1)  with  different 
periods  exhibited  above  the  energy  gap  of  GaAs  (1.42  eV)  for  each  spectrum.  It  indicates  that  electric 
fields  of  different  strengths  exist  at  the  interface  regions  of  the  samples  and  the  electric  fields  are  not 
in  the  low  field  limit.  No  FKO  feature  appears  in  the  spectrum  of  Ga203(Gd203)-GaAs  inferring  that 
the  electric  field  in  this  sample  is  too  low  to  create  any  FKOs  and  the  only  feature  in  the  spectrum 
corresponds  to  the  fundamental  band  to  band  transition.  The  broadening  parameter  F  obtained  by 
fitting  its  spectrum  to  Eq.  (2),  is  approximately  13  meV.  The  electric  field  F  corresponds  to  the  low 
field  limit  criterion,  |  h  n|Vr^<l/3,  which  at  this  broadening  parameter  is  less  than  2.1x10''  V/cm.  In 
Fig.  2,  the  quantity  (4/3?:  )(E„-Eg)“  is  plotted  as  a  function  of  the  index  n,  where  Eg  is  estimated  by 
the  “three  point  method”.  The  solid  lines  represent  linear  fits  to  Eq.  (3).  The  slope  of  the  solid  line 
yields  the  electro-optic  energy  fi  G  which  in  turn  gives  the  built-in  electric  field  F.  The  effective 
masses  of  the  electron  and  heavy  hole  used  here  are  0.065  mg  and  0.34  mg  respectively  in  GaAs, 
where  mg  is  the  free  electron  mass.  The  calculated  value  of  F  are  also  included  in  Table  1. 


Photon  Energy  (eV) 

Fig.  1  The  PR  spectra  for  samples  Air-,  AljOj-,  Ga20„-, 
Ga203(Gd203)-GaAs,  at  room  temperature. 


The  mechanism  of  the  built-in  electric  field  can  be  interpreted  by  simple  model  of  parallel  plate 
capacitor.  The  band  bending  region,  which  supplies  the  PR  signal  is  sandwiched  between  the  neptive 
charges  in  the  interface  states  (surface  states  for  Air-GaAs  structure)  and  the  positive  charges  in  the 
thin  depletion  layer  in  the  n-type  GaAs.  The  electric  field  of  the  capacitor  is  given  by  : 
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Fig.  2  The  quantity,  (4/37t)(E„-Eg)“,  as  a  function  of  index  n  (FKO 
extrema) 


F=crj/gSo=eDi/sEo  (4) 

where  ct,,  s,  Sq,  e  and  D|,  represent  the  surface  charge  density,  relative  dielectric  constant,  free  space 
permittivity,  free  electron  charge  and  the  density  of  occupied  interface  states,  respectively.  Once  the 
electric  field  is  obtained  from  the  FKOs,  the  interface  charge  density  Oj  and  thus  the  occupied 
interface  state  density  Dj,  can  be  calculated  from  Eq.  (4).  The  results  are  included  in  Table  1,  The 
density  of  interface  states  of  Ga203(Gd20j)-GaAs  reported  by  M.  Passlack  et  a/.  [10],  measured  by  the 
quasi-static/high  frequency  technique,  ranges  from  2x1 0'°  to  5x10'^  cm’^eV"'  at  various  band  gap 
energies  which  is  comparable  with  the  value  of  less  than  1.0x10"  cm’^eV'  averaged  over  the  band 
gap  energies  estimated  by  the  low  field  limit  criterion  in  photoreflectance  spectroscopy.  For  Air-, 
AljOj-,  and  Ga20j-GaAs,  the  densities  of  interface  states  are  2.4,  2.2,  1.9x10"  cm'^eV"  respectively. 
Passlack  et  al.  also  reported  a  density  of  interface  states  of  AljOj-GaAs  to  be  around  10'^  cm'^eV' 
measured  by  capacitance-voltage  technique  which  is  also  comparable  with  the  result  obtained  by  PR 
technique. 

5.  Conclusion 

In  conclusion,  the  contactless  and  nondestructive  technique  of  photoreflectance  has  been  used  to 
characterize  the  electronic  interface  properties  of  a  series  of  oxide-GaAs  structures  fabricated  by  in- 
situ  molecular  beam  epitaxy.  We  found  that  the  densities  of  interface  states  measured  by  PR 
technique  is  consistent  with  the  results  obtained  from  quasi-static/high  frequency  technique.  The 
built-in  electric  field  and  the  density  of  interface  states  of  Ga203(Gd203)-GaAs  structure  are  very 
small  due  to  the  fact  that  the  nonstoichiometry  film  is  extremely  uniform  deposited  on  GaAs. 
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Structural  and  Device  Properties  of  DFB  -  LD  with  Lateral 
Undulation  of  SL  -  MQW 
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Abstract.  The  InGaAsP/InGaAs  strained-layer  multiple  quantum  well  (SL-MQW)  structures  for  1.3  pm  or 
1.55  pm  distributed  feedback  laser  diodes  (DFB-LD)  have  been  grown  by  low-pressure  metalorganic 
vapor  phase  epitaxy.  We  observed  the  lateral  undulation  or  deformation  of  SL-MQW  grown  on  savrtooth- 
pattemed  substrates  before  the  fabrication  of  DFB-LD,  and  it  was  dependent  upon  the  initial  growth 
conditions,  ASH3  partial  pressure  and  heat-up  time,  prior  to  the  1st  active  layer  growth.  It  is  mainly  due  to 
the  excess  accumulation  of  strain  in  a  given  growth  condition.  The  structural  qualities  of  SL-MQW  are 
analyzed  in-depth  using  DCXRC,  PL,  TEM,  SEM,  and  OM.  We  will  discuss  the  effect  of  undulation  or 
deformation  on  the  device  properties,  such  as  I-V,  I-L,  differential  quanhim  efficiency,  internal  loss,  and 
characteristic  temperature. 


1.  Introduction 

The  1.3  |dm  or  1.55  |im  InGaAsP/InP  strained-layer  multiple  quantum  well  distributed 
feedback  laser  diodes  have  been  extensively  studied  as  light  sources  for  long-haul,  high-speed  optical 
communication  systems  [1].  Recently,  lateral  thickness  modulations  have  been  observed  in  the  strain- 
compensated  InGaAsP/InGaAsP  MQW  [2-4],  the  strained-compensated  GalnAs/GalnAs  MQW  [5], 
and  InGaAs/GaAs  superlattices  structures  [6],  grown  on  no  patterned  substrates.  Ponchet  et  al. 
reported  that  tensile  layer  growth  appeared  to  be  responsible  for  starting  of  the  modulation  in  the 
strain-compensated  structure[2].  One  may  observe  the  undulation  or  deformation  of  SL-MQW  layers 
in  the  growth  of  1st  active  layers  on  the  patterned  substrates  prior  to  the  fabrication  of  DFB-LD.  Such 
phenomenon  deteriorates  the  device  performances,  such  as  thermal  stability  and  reliability  of  DFB-LD. 

In  this  report,  we  observe  that  this  undulation  or  deformation  of  the  layer  grown  on  the 
sawtooth-patterned  substrate  is  dependent  upon  the  initial  growth  conditions,  AsHs  partial  pressure 
and  heat-up  time,  prior  to  the  1st  active  layer  growth.  We  report  the  optimum  initial  growth  conditions 
for  removing  such  a  lateral  undulation  or  deformation  of  SL-MQW  layers,  and  discuss  the  influence  of 
undulation  or  deformation  on  the  device  performance. 

2.  Experiments 

The  epitaxial  layers  used  in  this  study  were  grown  on  (100)  InP  substrates  with  Ist-order 
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Fig.  1 


SEM  cross-sectional  views  of  (a)  undulation  and  (b)  no  undulation  of  SL-MQW  layers. 


corrugation  grating  using  low-pressure  metalorganic  vapor  phase  epitaxy  (LP-MOVPE).  The  layer 
structure  consists  of  compressively  strained  InGaAs  wells  and  lattice-matched  InGaAsP  barriers  (10 
periods  of  MQW)  emitting  at  1.55  pm,  and  1.24-pm  InGaAsP  waveguide  layers.  For  double  crystal 
X-ray  rocking  curve  (DCXRC)  measurement,  symmetric  (004)  reflection  RCs  were  obtained  a  high 
resolution  double-crystal  diffractometer  (Bede  DCC  300)  equipped  with  a  rotating-anode  CuKa 
radiation  and  a  Si(220)  channel-cut  collimator.  The  structural  qualities  of  SL-MQW  are  analyzed 
using  DCXRC,  PL,  TEM,  SEM,  and  OM,  and  will  discuss  the  effect  of  undulation  or  deformation  on 
the  device  properties  (I-V,  I-L,  differential  quantum  efficiency,  etc),  after  the  fabrication  of  high  speed 
DFB-LD. 


3.  Results  and  Discussion 


We  observed  the  lateral  undulation  or  deformation  of  SL-MQW  DFB-LD  structure  grown  on 
patterned  InP  substrates  with  the  initial  growth  conditions  of  both  AsHi  partial  pressure  of  1.5  x  10'^ 
Torr  and  heat-up  time  of  5  min,  as  seen  in  a  SEM  photograph  (Fig.  1(a)).  In  Fig.  2(a),  it  shows  rough 
surface  morphology  for  the  layer  with  undulation  of  SL-MQW.  From  the  double  crystal  X-ray  rocking 
in  Fig.  3(a),  satellite  peaks  of  SL-MQW  layers  around  InP  substrate  peak  are  very  broad  and  not  clear, 
indicating  the  very  poor  epitaxial  quality  of  MQW,  due  to  the  dislocations  generated  at  the  concave  of 
MQW,  as  reported  by  Jang  et  al.[7].  Dislocations  appeared  as  early  as  the  fifth  period  of  MQW  in 
TEM  bright  field  image[8],  and  it  is  mainly  due  to  the  excess  accumulation  of  strain.  We  could  not 
detect  PL  signal  for  the  sample  of  layer  undulation  due  to  the  poor  layer  quality.  This  undulation  was 
removed  by  controlling  the  AsHa  partial  pressure  and  heat-up  time  as  shown  in  Fig.  1(b),  and  the 


Fig.  2  Surface  morphologies  of  (a)  undulation  and  (b)  no  undulation  of  SL-MQW  layers. 
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(a)  Angle  [Deg]  (b)  Angle  [Degl 

Fig.  3  Double  Crystal  X-ray  Rocking  Curves  :  (a)  undulation  and  (b)  no  undulation  of  SL-MQW 
layers.  Satellite  peaks  of  SL-MQW  layers  with  undulation  are  very  weak  due  to  the  dislocations. 


sample  exhibited  specular  surface  morphology  in  Fig.  2(b).  We  found  the  optimum  initial  growth 
conditions,  such  as  AsHs  partial  pressure  of  9  x  10"*  Torr  and  3  min  heat-up  time.  In  the  DCXRC  of 
sample  with  no  layer  undulation  in  the  Fig.  3(b),  several  satellite  peaks  are  sharp  and  comparable  to 
the  peaks  of  Fabry-Perot  LD  structure.  Unlike  the  layer  undulation,  the  clear  and  sharp  PL  spectrum 
was  observed,  showing  good  layer  quality. 

Figure  4  shows  typical  static  characteristics,  such  as  I-V,  I-L,  and  differential  quantum 
efficiency  (or,  slope  efficiency  (SE)),  of  DFB-LD  fabricated  with  undulation  and  no  undulation  of  SL- 
MQW.  The  differential  quantum  efficiency  was  8%  for  the  sample  of  layer  undulation  (Fig.  4(a)), 
while  for  the  sample  of  no  layer  undulation,  quantum  efficiency  increased  to  16%  in  Fig.  4(b).  For  the 
sample  of  layer  undulation,  the  characteristic  temperature  (To)  of  ~  48  K  was  obtained  from  the 
measured  I-L  curves  at  heat  sink  temperatures  20  ~  80°C  for  laser  diode  having  300  pm  cavity  length 
(Fig.  5).  However,  To  was  the  range  of  51  ~  57  K  for  the  sample  of  no  layer  undulation.  The  internal 
quantum  efficiency  and  the  internal  losses  were  extracted  from  the  dependence  of  external  efficiency 
with  cavity  length.  Internal  loss  and  internal  quantum  efficiency  of  the  undulated  DFB-LD  were  26.7 
cm'‘  and  43.4  %,  respectively,  while  for  no  layer  undulation  they  were  19.8  cm"'  and  58  %,  showing 
better  device  properties. 


(a)  (b) 

Fig.  4  Static  Characteristics  of  DFB-LD  :  (a)  undulation  and  (b)  no  undulation  of  SL-MQW  layers. 
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Fig.  5  Characteristic  temperature  ofDFB-LD  with  undulation  of  SL-MQW. 

4.  Conclusion 

The  InGaAsP/InGaAs  SL-MQW  structures  for  1.3  pm  or  1.55  pm  distributed  feedback  laser 
diodes  have  been  grown  by  LP-MOVPE.  The  lateral  undulation  or  deformation  of  SL-MQW  layers 
grown  on  sawtooth-patterned  InP  substrates  has  been  observed,  and  it  was  dependent  upon  AsHs 
partial  pressure  and  heat-up  time  prior  to  the  1st  active  layer  growth.  Based  upon  our  results,  the 
optimum  initial  growth  conditions,  in  order  to  remove  such  an  undulation  or  deformation  of  SL-MQW 
layers,  were  AsFIs  partial  pressure  of  9  x  10"'  Torr  and  3  min  heat-up  time.  The  differential  quantum 
efficiency  was  8%  for  the  sample  of  layer  undulation,  while  for  the  sample  of  no  layer  undulation, 
quantum  efficiency  increased  to  16%,  indicating  better  device  properties.  Characteristic  temperatures 
of  ~  48  K  and  ~57  K  were  obtained  for  undulation  and  no  undulation  of  SL-MQW,  respectively. 
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Abstract.  We  report  the  appearance  of  a  white-noise  component  in  the  anion  roughness  spectrum  of  the  GaSb/ 
InAs  interface  under  MBE  growth  conditions  routinely  employed  for  type-II  quantum  well  and  interband  cas¬ 
cade  lasers.  Real-space  imaging  with  cross-sectional  scanning  tunneling  microscropy  (XSTM)  reveals  that  the 
white-noise  power  due  to  anion  cross  incorporation  within  the  layers  (As  in  GaSh  and  Sb  in  InAs)  is  less  than 
the  white-noise  background  appearing  in  the  roughness  spectrum,  indicating  an  excess  of  interface  defects. 


1.  Introduction 

Improved  control  of  the  interfaces  between  nearly-lattice-matched  6.1  A  materials  (InAs,  GaSb,  and 
AlSb)  is  important  for  a  number  of  applications,  including  the  optimization  of  type-II  quantum-well 
(QW)  and  interband  cascade  (IC)  lasers  operating  in  the  mid-IR  [1-3]. 

We  present  new  cross-sectional  scanning  tunneling  microscopy  (XSTM)  results  exploring  the 
relationship  between  two  fundamental  materials  issues  in  the  mixed-anion  GaSb/InAs  system;  bulk 
cross  incorporation  and  the  interface  roughness  spectrum.  In  particular,  we  observe  a  new,  white-noise 
component  in  the  roughness  spectrum  at  the  GaSb-on-InAs  interface  under  conditions  routinely  em¬ 
ployed  for  the  growth  of  mid-IR  lasers.  We  associate  this  phenomenon  with  point  defects  in  the  anion 
sublattice  which  occur  within  the  layers  as  well  as  at  the  interface.  We  demonstrate  the  point  defects 
appearing  within  the  GaSb  layers  are  due  to  As  cross  incorporation  and,  following  earlier  work,  ascribe 
those  in  the  InAs  layer  to  Sb  incorporation.  The  spectral  density  associated  with  cross  incorporation 
cannot  fully  account  for  the  white  noise  observed  at  the  GaSb/InAs  interface,  indicating  the  presence  of 
additional  interface-specific  defects. 


2.  Experiment 

Two  model  structures  were  employed  for  the  experiments  reported  here:  the  first  was  designed  to  facili¬ 
tate  studies  of  the  effect  of  growth  order  on  interface  properties  and  the  second  the  role  of  anion  cross 
incorporation  (specifically  As  incorporation  in  GaSb).  The  respective  layer  sequences  are  illustrated  in 
Fig.  1. 

All  growths  were  performed  in  a  Riber  32  MBE  system  equipped  with  a  valved,  cracked  As 
source  and  an  EPI 175  Sb  cracker.  In  the  first  structure,  the  As  valve  remained  open  at  the  optimal  setting 
for  growth  of  InAs  while  the  source  was  shuttered  during  deposition  of  the  antimonide  layers.  In  the 
second  structure,  the  As  source  was  shuttered  as  before  but  the  valve  setting  readjusted  during  antimonide 
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Figure  1.  Layer  sequences  employed  to  study  the  effect  of  growth  order  (structure  1 ,  left),  and  cross-incorporation  (structure 
2,  right,  with  As  valve  settings  in  mils)  on  interface  properties.  Growth  direction  is  toward  the  top  of  the  page. 

growth  as  indicated  in  Fig.  1.  Both  structures  were  grown  at  a  temperature  of  440  °C  on  top  of  a  0.3  pm 
GaSb  buffer  layer  previously  deposited  on  a  p-GaSb  substrate.  Details  of  the  growth  procedures  can  be 
found  in  reference  [4]. 

The  sample^were  cleaved  under  UHV  conditions  (<  5x10  “  Torr)  in  a  separate  STM  chamber, 
and  the  exposed  (110)  surfaces  imaged  with  Pt-Ir  tips  at  typical  sample  biases  of  -2.5  V  and  tunnel 
currents  of  100  pA. 


3.  Results  and  Discussion 


To  assess  the  interface  quality  in  these  MBE-grown  structures,  we  derive  the  roughness  spectrum  from 
atomic-resolution  interface  profiles  (Fig.  2).  Because  of  the  pronounced  electronic  contrast  arising  from 
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Figure  2.  (Top)  Representative  XSTM  image  of  the  anion  sublattice  from  the  upper  portion  of  structure  1.  Growth  direction 
is  toward  the  top  of  the  page.  (Bottom)  Corresponding  profile  at  the  GaSb/InAs  interface,  discretized  in  units  of  the  surface 
mesh. 
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the  valence-band  offset  between  the  respective  materials,  the  GaSb/InAs  interface  readily  lends  itself  to 
this  kind  of  analysis. 

Following  earlier  XSTM  studies  [5-7],  we  examine  interface  segments  with  minimum  lengths 
-500  A  and  use  the  surface  mesh  (4.2  A  along  the  interface  and  6. 1  A  across  the  interface)  as  a  grid  for 
discretizing  our  atomic-resolution  profiles  (Fig.  2).  The  resulting  spectral  density,  obtained  by  averaging 
ten  such  profiles  from  structure  1,  is  plotted  versus  spatial  frequency  in  Fig.  3. 

Previous  XSTM  studies  of  antimonide-based  heterojunctions  [5,7]  have  concluded  that  the  rough¬ 
ness  spectrum  is  Lorentzian  [8],  reflecting  the  interface  kinks  due  to  terrace/island  structure  at  the  GaSb/ 
InAs  growth  front.  Inspection  of  Fig.  3,  however,  indicates  our  data  is  comprised  of  two  components:  a 
Lorentzian  at  low  wave  vectors  that  smoothly  joins  to  a  constant  background  at  high  wave  vectors.  As 
shown  by  the  solid  line  in  Fig.  3,  the  functional  form 

I,  |2,  2t^(AI2jt) 

\Aq\  L  = - +  Constant  (1) 

l  +  ^^(A/2;rr 


provides  an  excellent  fit  to  the  observed  spectrum,  producing  reasonable  values  for  the  roughness  ampli¬ 
tude  A  (1.7  ±  0.1  A)  and  correlation  length  A  (79.0  ±  10.1  A)  associated  with  the  Poisson-distributed 
interface  kinks.  We  interpret  the  constant  offset  in  the  spectral  density  (20.5  ±1.5  A^)  as  a  “white-noise” 
background  due  to  random,  uncorrelated  point  defects.  These  defects  appear  as  isolated,  single-cell 
discontinuities  in  the  raw  interface  profiles  (Fig.  2). 

The  XSTM  data  shown  in  Fig.  2  suggests  one  possible  origin  for  these  interfacial  defects.  There 
are  a  number  of  anion  defects  within  the  layers  that  appear  either  as  isolated  dark  sites  in  the  case  of  GaSb 
or  as  bright  sites  in  the  case  of  InAs.  The  bright  sites  in  InAs  have  been  previously  interpreted  as  substi¬ 
tutional  Sb  [5];  the  appearance  of  dark  sites  in  GaSb  is  similarly  consistent  with  the  hypothesis  of  substi- 


As  Concentration  (%) 


Figure  3.  (Left)  GaSb/InAs  interface  roughness  spectrum  using  atomic -resolution  interface  profiles  from  structure  1.  Solid 
line  is  a  fit  to  Eq.(l).  (Right)  White-noise  spectral  density  as  a  function  of  As  concentration  obtained  from  bulk  profiles 
through  the  GaSb  layers  in  structure  2.  Solid  line  is  an  extrapolation  of  the  spectral  density  due  to  a  single  defect. 
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tutional  As,  presumably  from  background  incorporation  during  MBE  growth.  Atomic-resolution  XSTM 
images  from  our  second  structure  confirm  this  hypothesis  by  demonstrating  a  linear  correlation  between 
the  GaSb  layer  defect  density  and  the  As-cracker  valve  settings  indicated  in  Fig.  1. 

Bulk  cross  incorporation  will  contribute  to  the  roughness  exhibited  by  our  interface  profiles,  since 
a  dark  or  bright  substitutional  defect  may  introduce  singe-cell  discontinuites  prejudicing  our  assignment 
of  atoms  to  the  InAs  and  GaSb  layers,  respectively.  We  can  ascertain  the  influence  this  has  on  our  results 
by  examining  an  ensemble  of  bulk  profiles  (of  standard  length)  through  the  GaSb  layers  in  structure  2  and 
analyzing  them  in  the  same  manner  as  our  interface  data.  We  find  the  associated  “roughness”  spectrum  is 
“white”,  and  that  the  spectral  density  scales  linearly  with  As  defect  density  as  shown  in  Fig.  3. 

The  scaling  emphasized  in  Fig.  3  allows  us  to  predict  the  spectral  density  associated  with  bulk 
cross  incorporation  in  structure  1.  So  doing,  we  find  that  the  combined  Sb-in-InAs  (4.5  %)  and  As-in- 
GaSb  (2  %)  defect  concentrations  account  for  less  than  half  the  interfacial  white-noise  observed  in  Fig.  2. 
This  deficit  indicates  the  prescence  of  additional,  interface-specific  defects  whose  character  and  origin 
are  still  under  investigation. 


4.  Conclusions 

We  have  used  XSTM  to  examine  the  microstructure  of  epitaxial  GaSb/InAs  interfaces  formed  under 
conditions  routinely  employed  in  the  growth  of  mid-IR  lasers.  Atomic-resolution  images  reveal  the 
presence  of  point  defects  in  the  anion  sublattice  that  introduce  a  white-noise  component  to  an  otherwise 
Lorentzian  interface  roughness  spectrum.  We  have  identified  arsenic  cross  incorporation  as  a  source  of 
bulk  defects  within  the  GaSb  layers  and  quantified  its  influence  on  the  interface  roughness  spectrum. 
When  the  combined  effect  of  anion  cross  incorporation  in  both  GaSb  and  InAs  layers  is  properly  ac¬ 
counted  for,  we  find  an  excess  white-noise  spectral  density  which  we  attribute  to  interface-specific  de¬ 
fects.  The  precise  origin  of  these  defects  is  not  yet  known. 
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Abstract.  By  x-ray  CTR  (crystal  truncation  rod)  scattering  and  x-ray  interference  in  ZnSe/GaAs  hetero¬ 
structures,  Zn,  Se,  Ga  and  As  distributions  and  crystal  structures  near  the  heterointerfaces  were  analyzed  to 
the  one  monolayer  level  non-destructively.  In  Zn-initiated  growth  of  ZnSe,  several  monolayers  depth  of 
interdiffusion  of  Ga/Zn  and  abrupt  change  of  As  and  Se  were  observed.  In  Se-initiated  growth,  distribution 
of  Ga- vacancy  was  observed,  which  means  GajSe,  formation  near  the  interface. 


1.  Introduction 

Binary  II- VI  compound  ZnSe  has  been  grown  on  binary  III-V  compound  GaAs  because  of  close 
matching  of  lattice  constants  (ZnSe:  5.668  A  and  GaAs:  5.653  A)  and  availability  of  large  area  GaAs 
as  the  substrate  for  epitaxial  growth  (e.g.  Gunshor  and  Nurmikko  1997).  However,  the  difference  in 
the  valence  of  ZnSe  and  GaAs  often  nucleates  stacking  faults  at  the  heterointerface,  creates  interfacial 
dipoles  and  highly  doped  regions  and/or  new  phases  such  as  GajSCj  by  the  mutual  interdiffusion  of 
host  atoms  near  the  heterointerface  (e.g.  Gunshor  and  Nurmikko  1997).  Those  interface  structures 
should  change  depending  on  growth  conditions  of  ZnSe  on  GaAs.  Even  though  ZnSe/GaAs  is  a  very 
important  heterovalent  structures,  very  little  is  known  on  the  atom  distributions  at  and  near  the 
heterointerface,  which  determine  the  electronic  and  energy  structures  at  the  interface. 

We  have  conducted  the  x-ray  CTR  (crystal  truncation  rod)  scattering  measurement  to  reveal 
the  atomic  distribution  at  and  near  the  heterointerface  of  ZnSe/GaAs  grown  by  OMVPE  with  Zn-initiated 
and  Se-initiated  growth  of  ZnSe  at  450°C.  X-ray  CTR  is  a  rod  (or  a  needle  depending  on  the  x-ray 
beam  size)  that  appears  around  a  Bragg  diffraction  spot  in  k-space.  It  is  caused  by  the  abrupt 
truncation  of  a  crystal  at  the  surface  and  finite  penetration  depth  of  the  x-ray  (Robinson  1986,  Kashi wagura 
et  al.  1987).  We  have  demonstrated  that  the  x-ray  CTR  scattering  with  x-ray  interference  effect  is  a 
very  powerful  technique  to  reveal  the  layer  structure,  even  the  crystal  structure  in  the  layer,  of  the 
heteroepitaxially  grown  samples  in  the  atomic  scale  and  that  a  proper  design  of  the  layer  structure 
enhances  the  CTR  signal  by  one  order  of  magnitude  (Takeda  et  al.  1995,  Tabuchi  et  al.  1995,  Tabuchi 
et  al.  1996a,  b,  Tabuchi  et  al.  1997,  Fujita  et  al.  1997,  Takeda  et  al.  1997). 

In  this  paper,  we  report  the  measurement  of  x-ray  CTR  scattering  and  x-ray  interference  in 
ZnSe/GaAs  heterostructures  and  non-destructive  analysis  of  Zn,  Se,  Ga  and  As  distributions  and 
crystal  structures  near  the  heterointerfaces  to  the  one  monolayer  level.  Clear  difference  in  the  spectra 
in  Zn-initiated  growth  and  Se-initiated  growth  of  ZnSe  on  GaAs  was  observed,  and  hence  clear 
difference  in  the  interface  structures  in  Zn-initiated  and  Se-initiated  growth  was  obtained  from  the 
analysis. 
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2.  Experiments 

2.1  Sample  preparation 

The  samples  were  prepared  by  an  atmospheric  pressure  OMVPE  (Funato  et  al.  1997)  .  TEGa  and 
TBAs  were  used  for  the  growth  of  GaAs  and  DEZn  and  DMSe  were  used  for  the  growth  of  ZnSe.  3~5 
nm-thick  ZnSe  layers  were  grown  on  GaAs  (001)  substrates  with  150  nm-thick  undoped  GaAs  buffer 
layers.  Growth  temperature  was  700°C  for  GaAs,  once  lowered  to  200°C  to  purge  the  precursor  for 
GaAs  out  of  the  reactor  and  then  raised  to  450°C  to  grow  ZnSe.  Prior  to  the  ZnSe  growth,  GaAs 
surface  was  exposed  to  a  Zn  flux  (Zn-initiated  growth)  or  a  Se  flux  (Se-initiated  growth)  for  2-60  s. 


2.2  X-ray  scattering  measurement 

X-ray  CTR  spectrum  measurement  was  conducted  at  the  beam  line  BLbA,  of  the  Photon  Factory  at 
Tsukuba  using  synchrotron  radiation  from  the  2.5  GeV  storage  ring.  The  wavelength  of  the  x-ray  was 
set  at  1.600  A.  The  CTR  spectrum  extending  from  004  Bragg  point  was  recorded  by  a  Weissenberg 
camera  with  IP  (imaging  plate)  as  a  detector. 


3.  Results  and  discussion 


To  analyze  the  interface  structures  a  model  structure  as  shown  in  Fig.  1  was  created  from  which  a 
theoretical  CTR  spectrum  was  generated  using  a  kinetic  theory  (Robinson  1986).  In  the  model,  those 
parameters  such  as  (number  of  Zn  monolayers),  n^^  (number  of  Se  monolayers),  d^j,  (distribution 
distance  of  Zn  into  Ga  sublattices),  dj^  (distribution  distance  of  Se  into  As  sublattices),  dp^,  (distribution 
distance  of  Ga  into  Zn  sublattices),  d^^  (distribution  distance  of  As  into  Se  sublattices),  Xj2„  (Zn 
composition  at  Zn/Ga  interface),  Xjj^  (Se  composition  at  Se/As  interface),  x^2„  (Zn  composition  in 
ZnSe  layer),  X|,j^  (Se  composition  in  ZnSe  layer),  and  Ga-vacancy  concentration  which  appears  to  form 
Ga2Se^  were  considered.  The  distribution  functions  were  assumed  to  be  expressed  as,  e.g.,  in  the  case 
of  5e  distribution,  =XisJ  l-erf(n/dsJ),  where  erf  is  the  error  function  and  n  is  the  number  of 
monolayer  from  the  interface,  i.e.,  the  distance  from  the  interface  in  units  of  monolayer.  Other 
conventional  parameters  such  as  the  surface  roughness  <Az^>  and  the  lattice  distortion  are  also  considered 
as  usual  (e.g.  Tabuchi  1996b).  The  values  of  these  parameters  were  obtained  at  the  best  fit  of  the 
theoretical  curve  to  each  of  the  experimental  spectra. 

Figure  2  (a)  shows  the  measured  (background  subtracted)  CTR  spectra  by  solid  circles.  Each 
spectra  are  shifted  by  two  orders  of  magnitude  for  clarity  and  the  bottom  one  is  plotted  at  the  real 
intensity.  The  horizontal  axis  is  the  index  I  of  (00/).  Upper  two  spectra  are  from  the  samples  with  the 
Se-initiated  growth  and  lower  three  spectra  are  from  the  samples  with  the  Zn-initiated  growth.  Clear 
difference  in  both  the  lower  index  side  and  the  higher  index  side  of  the  spectra  is  observed  for  the 
Zn-initiated  growth  and  the  Se-initiated  growth.  The  sharp  drop  around  /=4.02  reached  almost  zero 
intensity  in  all  the  spectra.  In  Fig.  2  (a),  the  best-fit  curves  to  the  spectra  without  assuming  Ga-vacancy 
are  also  drawn  with  thin  dotted  lines.  Data  around  the  Bragg  peak  (/=4±0.01)  were  not  used  for  the 
fitting  because  the  intensity  may  be  too  strong  for  the  kinetic  theory. 

Figure  2  (b)  shows  the  best-fit  curves  to  the  upper  two  spectra  in  Fig.  2  (b),  i.e.,  of  the 
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Fig.  1  Model  structure  for  ZnSe/GaAs  with  Zn/Ga  and  Se/As  interdiffusion  near  the  interface.  Central  figure  is  the  model 
layer  structure  with  ZnSe  on  top  of  GaAs.  Left  curve  is  the  distribution  of  Zn  and  Ga,  and  the  right  curve  is  the  distribution 
of  As  and  Se.  The  distribution  curves  were  assumed  to  be  the  error  function  with  distance  from  the  interface  as  the 
variable.  The  symbols  are  explained  in  the  text. 


Fig.  2  (a)  CTR  spectra  of  ZnSe/GaAshelerostructures.  Upper 
two  curves  are  for  Se-initiated  growth  with  Se-exposure  time 
of  15  and  60  s,  and  lower  three  curves  are  for  Zn-initiated 
growth  with  Zn-exposure  time  of  2,  30  and  60  s  before  ZnSe 
growth.  Clear  differences  are  observed  between  Se-initiated 
and  Zn-initiated  growth  modes.  Thin  dotted  lines  are  the  best- 
fit  curves  without  Ga-vacancy  in  the  model. 

(b)  The  best-fit  curves  to  the  spectra  of  Se-initiated  growth 
with  Ga-vacancy  in  the  model. 
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Se-initiated  growth.  In  this  theoretical  curve  Ga-vacancy  was  introduced,  and  much  better  fitting  near 
the  dip  and  in  the  lower  index  region  was  obtained. 

The  results  of  the  analysis  are  summarized  as  follow;  1)  In  the  Zn-initiated  growth,  it  was 
found  that  the  compositions  of  Zn  and  Ga  at  the  II/III  interface  were  0.5  and  0.5,  which  means  that 
there  are  no  Ga-vacancy  in  the  Zn-initiated  growth.  2)  In  the  Zn-initiated  growth,  several  monolayers 
of  diffusion  of  Ga  into  ZnSe  and  that  of  Zn  into  GaAs  were  observed,  while  As  and  Se  distributions 
changed  quite  abruptly  at  the  interface.  3)  Considering  the  donor-like  pair  Ga-Se  in  the  ZnSe  layer 
and  the  acceptor-like  pair  Zn-As  in  the  GaAs  layer,  dipoles  were  found  to  be  formed  very  near  the 
interfaces.  4)  In  the  Se-initiated  growth  the  Ga-vacancy  distribution  was  found  to  result  in  a  better 
curve-fitting  to  the  CTR  spectra.  5)  The  Ga-vacancy  which  is  considered  to  form  Ga^Se,  was  found  to 
distribute  into  the  ZnSe  layer  for  several  monolayers. 


4.  Summary 

X-ray  CTR  scattering  measurements  were  conducted  on  ZnSe/GaAs  samples  grown  by  OMVPE  with 
Zn-initiated  and  Se-initiated  growth  mode.  Obviously  different  spectra  for  these  two  growth  modes 
were  observed.  From  the  analysis  of  the  spectra,  Ga,  As,  Zn,  Se,  and  Ga-vacancy  distributions  in  these 
samples  were  obtained  in  the  atomic  scale.  In  the  Zn-initiated  growth  mode,  several  monolayers  of 
interdiffusion  of  Ga/Zn  and  abrupt  change  of  As  and  Se  were  observed.  In  the  Se-initiated  growth 
mode,  distribution  of  Ga-vacancy  was  observed,  which  means  formation  of  GajSe,  near  the  interface. 
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Abstract.  An  investigation  of  the  electric  field  dependent  transport  through  superlattice  and  multiple 
superlattice  minibands  is  presented.  A  decrease  of  the  miniband  transmission  with  increasing  electric  field  is 
observed  in  agreement  with  the  results  of  a  calculation  based  on  a  transfer  matrix  method.  This  observed 
behavior  gives  direct  evidence  for  coherent  transport  through  an  undoped  and  biased  GaAs/AlGaAs  superlattice. 
The  transconductance  in  'broken  gap'  superlattices  is  used  to  probe  interminiband  transition  rates  above  and 
below  the  optical  phonon  frequency. 


1.  Introduction 

The  electrical  field  dependent  electron  transport  in  undoped,  biased  GaAs/Gap jAlojAs 
superlattices  (SLs)  and  multiple  superlattice  structures  (MLs)  has  been  investigated.  The  ballistic 
hot  electron  spectroscopy  technique  [1,2]  allows  to  measure  the  transmission  through  superlattice 
states  under  well  defined  bias  conditions.  The  localization  of  electron  wave  functions  of  extended 
superlattice  states  as  a  function  of  the  electric  field  in  the  superlattice  [3, 4]  is  directly  evident  as  a 
decreasing  transmission. 

Additionally,  multiple  superlattices  were  designed  to  measure  transition  probability  between 
minibands.  In  these  samples  electrons  can  only  pass  through  the  multiple  SL  structure  by  a  decay 
process,  the  direct  nondissipative  way  is  blocked.  By  measuring  the  transmission  as  a  function  of 
minigap  size,  transition  probabilities  and  miniband  (MB)  lifetimes  are  derived. 


2.  Experimental  Setup 

A  three  teiminal  device  [1]  is  used  to  probe  the  ^ 
superlattice  transmittance  [2].  An  energy  tunable  ® 
hot  electron  beam  is  generated  by  a  tunneling 
barrier,  passes  the  superlattice  after  traversing  a 
thin  highly  doped  n-GaAs  base  layer  and  an 
undoped  drift  region.  Having  the  possibility  to 
control  the  injected  current  independently  from 
the  superlattice  bias  field,  the  transmittance  of 
the  superlattice  can  be  measured  directly  for  a  Figure  1:  Schematic  conduction-band  diagram  of  the 
given  superlattice  bias.  The  calculated  three  terminal  device,  negative  bias  applied  to  the  SL. 
conduction  band  energy  diagram  of  a  typical  hot  electron  transistor  including  band  bending  is 
sketched  in  figure  1  for  a  given  bias  condition.  The  injected  tunable  electron  beam  has  a  normal 
energy  distribution  of  about  15  meV  in  width  [5].  The  collector  current  is  measured  as  a  function 
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of  the  injection  energy.  The  measured  transfer  ratio  a=Ic/lE  is  directly  related  to  the  transmission 
through  the  miniband  under  bias  conditions. 


3.  Samples 

The  structures  were  grown  by  molecular  beam  epitaxy  on  a  semi-insulating  GaAs  substrate:  a 
highly  doped  n^-GaAs  collector  contact  layer  (n=lxlO'*  cm'^)  is  followed  by  a  superlattice  and  the 
drift  region,  slightly  n-doped  (n~5xl0'''cm‘^)  in  order  to  avoid  undesired  band  bending.  To  reduce 
quantum  mechanical  confining  effects  originating  from  the  quantum  well  formed  by  the  emitter 
barrier  and  by  the  superlattice  the  drift  region  is  chosen  to  be  at  least  200  run  in  width.  This  is 
followed  by  a  highly  doped  (n=2xl0'*cm'^)  n'^-GaAs  layer  (base)  of  13  nm  width.  On  top  of  the 
base  layer  a  13  nm  undoped  Gao7Alo.3As  barrier  is  grown  followed  by  a  spacer  and  a  n'*‘-GaAs 
layer,  nominally  doped  to  n=3xl0'’cm‘^,  in  order  to  achieve  an  estimated  narrow  normal  energy 
distribution  of  the  injected  electrons  of  about  15  meV.  It  should  be  noted  that  the  width  of  the 
injected  electron  beam  limits  the  energy  resolution  of  the  experiment.  Finally,  an  n’^-GaAs  contact 
layer  (n=lxl0'*  cm"^)  is  grown  on  top  of  the  heterostructure  to  form  the  emitter. 

Different  types  of  SLs  were  embedded  into  the  hot  electron  transistor  structure.  All  SL  structures 
have  5  periods  and  are  given  in  table  1 . 


sample  No. 

barrier  (A) 

well  (A) 

barrier  (A) 

well  (A) 

barrier  (A) 

well  (A) 

25 

65 

35 

42.5 

25 

120 

15 

85 

40 

44 

40 

55 

40 

68 

Table  1 :  Description  of  the  single  and  multiple  superlattice  structures  embedded  into  the  three  terminal  device 


The  devices  were  fabricated  using  wet  chemical  etching  of  20x20  pm^  mesas.  The  ohmic  contacts 
are  formed  using  a  standard  AuGe/Ni  alloy.  All  measurements  are  performed  at  liquid  helium 
temperatures.  The  doping  profiles  were  verified  using  a  CV-etch  profiler.  For  the  single  SL  #1  a 
simple  Kronig-Penney  calculation  gives  the  lowest  miniband  lying  between  46  meV  and  68  meV, 
and  the  second  between  182  meV  and  276  meV  [6]. 


4.  Results  and  Discussion 

The  static  transfer  ratio  a=Ic/lE  of  the  single  5  period  superlattice  structure  (SL  #1)  is  measured  as 
a  function  of  emitter  bias  in  a  common  base  configuration  for  different  collector  biases  (see  Fig.  2). 
No  collector  current  is  observed  up  to  the  first  transparent  state  of  the  first  miniband,  indicating 
that  there  is  no  significant  leakage  current  between  base  and  collector.  The  bold  solid  line 
represents  the  transfer  ratio  at  flat  band  condition  (Ubc=0).  The  sharp  increase  of  the  transfer  ratio 
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at  about  45  meV  coincides  very  well  with  the  lower 
edge  of  the  first  miniband  which  is  calculated  to  be 
46  meV.  The  peak  due  to  ballistic  transport  through  the 
first  miniband  is  broader  than  the  expected  miniband 
width  (22  meV)  due  to  a  superposition  of  the  miniband 
and  the  injector  width.  Before  the  sharp  rise  at  the 
second  miniband  position  2  phonon  replica  are  seen 
separated  by  36meV,  the  origin  of  these  replica  is 
explained  in  greater  detail  in  Ref  [2]. 

Figure  3  shows  the  transfer  ratio  of  sample  SL 
#1  as  a  function  of  positive  and  negative  superlattice 
bias.  An  increased  electric  field  leads  to  a  decrease  of 
the  extend  of  the  individual  wavefimctions.  The 
observed  behavior  is  therefore  in  good  agreement  with  a 
Figure  2:  Transfer  ratio  at  4.2K  versus  injection  simple  estimate  for  the  quenching  of  the  superlattice 
SentfesLd"tfoL,''''’"'‘“‘“  transmission  which  should  occur  when  the  localization 

length  A.=A/eF  (A  is  the  miniband  width,  and  F  the 
applied  electric  field)  has  reached  about  half  of  the  total  superlattice  length. 

The  experiment  shows  a  symmetric  decrease  of  the  transmission  for  both  bias  directions 
indicating  that  the  transport  is  purely  ballistic  and  that  no  scattering  is  evident.  This  is  in 
agreement  with  the  result  of  a  calculation  based  on  a  transfer  matrix  method  using  an  envelope 
function  approximation  shown  as  solid  line  in  Fig.  3.  This  experiment  demonstrates  for  the  first 
time  clear  evidence  of  coherent  transport  through 
electric  field  modified  superlattice  states. 


The  next  step  is  to  look  at  the  transport 
through  a  superlattice  where  a  transition  between 
states  is  enforced  by  the  presence  of  a  “broken  gap” 
SL.  Two  samples  with  different  combinations  of  five 
period  SLs  were  designed.  In  Fig.  5  the  basic  idea  is 
indicated:  electrons  injected  into  the  miniband  on  the 
left-hand  side  can  only  pass  through  the  multiple  SL 
structure  by  a  decay  process. 

Figure  5  shows  the  transfer  ratio  versus 
injection  energy  of  two  different  samples.  Since  the 
energy  gap  between  the  second  and  the  lowest  MB  of 
sample  #2  is  of  the  order  of  the  optical  phonon  energy, 
the  inter-MB  transition  rate  is  mainly  governed  by 
LO-phonon  emission.  Sample  #3  is  designed  in  such  a 
way  that  the  gap  between  the  MB  is  smaller  the 


electric  field  (kV/cm) 


Figure  3:  Measured  (dots)  and  calculated 
(line)  transfer  ratio  versus  electric  field. 
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optical  phonon  energy.  The  transfer  ratio  of  #3  is  found  to  be  smaller  by  a  factor  of  20,  thus  giving 
a  lifetime  in  the  upper  miniband  20  times  larger  than  the  optical  phonon  lifetime  in  the  order  of 


10  ps. 

The  applied  currents  lead  to  current 
densities  of  less  the  one  electron  in  the 
superlattice  (20x20  pm^  mesa),  making  electron  - 
electron  scattering  events  very  unlikely.  Only  2 
to  3%  of  the  carriers  are  scattered  in  sample  #3 
in  the  overlapping  region  and  contribute  to  the 
transmission  current  compared  to  the 
transmission  of  sample  #2.  Most  of  the  electrons 
bounce  back  and  are  collected  in  the  base  region. 
However  by  biasing  sample  #3  with  an  electric 
field  the  superlattice  transition  energies  are 
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Figure  5:  Transfer  ratios  of  multiple  SL  #2  and  #3. 


decreases  the  transfer  ratio  similar  to  the  case 
induced  localization. 
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Figure  4;  Bandstructure  of  multiple  SL  sample  #2; 
arrows  indicate  the  electron  injection. 

increased  leading  to  an  increase  in  the  transfer 
ratio  of  more  than  one  order  of  magnitude. 
When  the  increasing  separation  of  the  states 
in  the  minibands  reaches  transition  energies 
close  to  the  energy  of  optical  phonons,  fast 
interminiband  transitions  become  possible, 
leading  to  a  strong  increase  in  the  transfer 
ratio.  Further  increase  of  the  applied  voltage 
of  the  single  SL  sample  #1  due  to  electric  field 
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Photoluminescence  from  GaN  Implanted  with  Isoelectronic 
Phosphorus  and  Bismuth. 

W.M.  Jadwisienczak  and  HJ.  Lozykowski, 

School  of  Electrical  Engineering  &  Computer  Science,  and  Condensed  Matter  &  Surface 
Sciences  Program,  Ohio  University,  Stocker  Center,  Athens,  OH,  45701 

Photoluminescence  spectra,  excitation  spectra  and  decay  kinetics  of  epitaxial  GaN  layers  grown  by  MOCVD  on  sapphire 
substrates  and  implanted  by  isoelectronic  impurities  P  and  Bi  were  investigated.  Post  implant  annealing  up  to  1 150 "  C,  and 
different  duration  time  was  done  in  a  tube  furnace  under  flowing  NH,  or  Nj,  using  proximity  cap  method  to  recover 
implantation  damages.  The  PL  of  GaN:  P  shows  strong  emission  peaked  at  423  nm  -  428  nm  with  modulated  structures  that 
depend  on  annealing  condition.  The  PL  of  GaN:  Bi  shows  a  luminescence  transitions,  observable  at  wide  temperature  range 
from  9  K  to  300  K.  Further,  we  develop  the  luminescence  models  that  describe  the  recombination  and  quenching  processes. 

It  is  well  known  that  isoelectronic  impurities  in  semiconductors  produce  bound  states  in  the 
forbidden  gap,  binding  an  electron  or  a  hole.  An  isoelectronic  center  can  form  bound  states  because  of  a 
short  range  central-cell  potential.  The  primary  factors  affecting  the  binding  potential  are  the 
electronegativity  and  the  size  differences  between  the  impurity  and  the  host  ion  which  it  replaces.  The 
Pauling’s  electronegativity  of  N,  P  and  Bi  are  3,04,  2. 19  and  2.02  respectively.  From  experimental  data  the 
isoelectronic  impurity  potential  is  attractive  to  a  hole  or  electron  according  to  the  electonegativity  rule  that 
states  that  impurities  may  bind  a  hole  (electron)  if  its  electonegativity  is  smaller  (larger)  than  that  of  the  host 
atom  it  substitutes.  It  is  found  experimentally  that  only  very  large  atoms  or  very  small  atoms  produce 
isoelectronic  traps  because  they  create  large  lattice  distortion  induced  by  the  substitution.  To  create  a  large 
binding  potential,  the  substituted  atom  must  generate  a  noticeable  change  in  the  local  properties  of  the 
lattice  [1,2],  After  an  isoelectronic  trap  has  captured  an  electron  or  a  hole,  the  isoelectronic  trap  is 
negatively  or  positively  charged,  and  by  Coulomb  interaction  it  will  capture  a  carrier  of  the  opposite  charge 
creating  a  bound  exciton.  If  the  isoelectronic  trap  remains  as  a  stable  charged  state  after  trapping  an  electron 
(hole)  without  producing  a  bound  exciton,  the  trapped  electron  (  hole)  will  recombine  radiatively  with  a 
hole  (or  an  electron)  located  at  a  distant  acceptor  (or  donor).  In  this  paper  we  discuses  the  isoelectronic 
traps  in  GaN  semiconductors  introduced  by  implanted  P  [3a,b]  and  Bi  ions  replacing  the  nitrogen. 
Photoluminescence  spectra,  excitation  spectra,  and  PL  kinetics  of  a  high  quality  epitaxial  GaN  layers  grown 
by  MOCVD  at  CREE  and  EMCORE  on  sapphire  substrates  and  implanted  by  isoelectronic  impurities  P 
and  Bi  were  investigated.  Post  implant  annealing  at  temperatures  of  up  to  1 150  “  C,  and  at  different  duration 
of  time  was  done  in  a  tube  furnace  under  flowing  NHj  or  N2,  and  a  in  rapid  thermal  annealing  system  in 
ambient  ofNj  using  the  proximity  cap  method  to  recover  implantation  damages.  The  PL  of  GaN:  P  showed 
a  strong  emission  peaked  at  423  nm  -  428  nm  with  modulated  structures  that  depend  on  annealing 
conditions  Fig.  1 ,2.  The  PL  of  GaN :  Bi  shows  a  modulated  luminescence  spectra  Fig.  3  observable  at  wide 
temperature  ranges  from  9  K  to  300  K  (due  to  interference  ).  The  PL  of  GaN:  P  annealed  at  1 150  “  C  in 
NH3  exhibits  strong  pair-type  luminescence  transitions  overlapped  with  emissions  of  an  exciton  bond  to 
the  P  isoelectronic  trap  wich  became  dominant  at  150  K  Fig.l.  From  Fig.l  we  obtained  experimental 
evidence  that  under  above  bandgap  excitation,  there  exists  the  pair  type  emission  involving  P  isoelectronic 
traps  and  neutral  donors  and  the  emission  band  due  to  the  recombination  of  excitons  bound  to  phosphorus 
isoelectronic  traps.  With  increasing  temperature  the  pair  emission  decrease  and  vanished  at  175  K,  but  the 
emission  of  excitons  bound  to  a  P  isoelectronic  trap  is  observed  till  room  temperature.  The  new  pair  spectra 
are  different  from  the  ordinary  donor-  acceptor  pair  spectra,  because  an  isoelectronic  hole  trap  is  neutral 
before  the  hole  capture.  The  recombination  process  of  an  electron  from  an  separate  neutral  donor  with 
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Temperature  dependance  of  PL  GaN:P:  Fig.  1  annealed  in  NH,  Fig.2  in  N^.  and  Fig.3  GaN:Bi  annealed  in  NH3. 

a  hole  trapped  on  an  isoelectronic  trap  is  different  from  the  normal  donor-acceptor  pair  recombination.  The 
recombination  energy  of  an  electron  and  hole  bound  to  a  donor  -  P  isoelectronic  pair  does  not  have  the 
Coulomb  interaction  term  and  is  given  by  [4]: 

hco  =  Eg  -  E,  -  (Ej  +  Ep)  -  mhti)ph„  (1) 

where  E,  and  Ej  are  the  binding  energies  of  holes  at  isoelectronic  traps  and  electrons  at  donors,  and  E^ 
is  the  electrostatic  polarization  interaction  energy.  The  binding  energy  of  the  electron  to  the  donor  can  be 
increased  by  interaction  with  the  positive  hole  trapped  at  the  neutral  P  isoelectronic  trap.  For  a  pair 
separation  larger  than  the  sum  of  radii  of  trapped  electron  and  hole  states,  the  interaction  energy  is 

Ep  =  -[9eV(4eR„)](Ri,/ry  (2) 

where  R^,  is  the  ground  state  radius  of  the  donor,  r  is  the  pair  separation,  and  e  is  the  low  frequency 
dielectric  constant.  From  equations  1  and  2  it  is  seen  that  the  transition  energy  will  decrease  if  the  donor 
ionization  energy  is  increased  (E,  +  E^.  The  energy  shift  due  to  the  change  of  pair  separation  should 
increase  with  increasing  excitation  intensity.  The  shift  should  be  toward  lower  energy  with  the  increase  of 
excitation  intensity  indicating  that  the  isoelectronic-trap  -  donor  pair  transition  ener^  decreases  with 
decreasing  pair  separation.  The  magnitude  of  the  energy  shift  calculated  from  equation  2  is  £p  “  0. 16  meV 
This  shift  is  much  smaller  and  opposite  to  the  ordinary  donor-acceptor  pair  radiative  transition  energy  shift. 
The  intensity  of  the  isoelectronic  P  (hole  trap)-  donor  pair  luminescence  decreases  quickly  with  increasing 
temperature  Fig.  la-d,  and  at  150  K  spectrum  d  the  dominant  luminescence  is  attributed  to  P  isoelectronic 
trap-bound  exciton  (P-  BE)  recombinations. 

To  optimize  the  PL  intensity  of  GaN:  P  we  investigated  the  development  of  the  luminescence  as  the 
function  of  the  post-implantation  annealing  process.  The  characteristic  spectra  of  phosphorus  (P) 
isoelectronic  impurities  were  first  observed  after  the  annealed  temperature  reached  900  C,  and  their 
intensity  increased  at  each  anneal  at  higher  temperatures  up  to  1 1 50  “  C,  at  that  temperature  we  stop  the 
annealing  process  to  avoid  decomposition  of  the  GaN  samples.  The  variation  of  the  emission  peak  positions 
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Fig.4  Temperature  dependance  of  the  emission  peaks  for  GaN:  P  annealed  in  NH,  ■  and  in  Nj  •. 
Fig.5  Temperature  quenching  of  the  PL  of  GaN:  P  and  GaN:  Bi. 


Fig.6  The  PL  emission  and  excitation  spectra  of  GaN:  P. 

Fig.7  The  PL  emission  and  excitation  spectra  of  GaN,  GaN:  Bi. 


with  temperatures  for  the  spectra  from  Fig.  1  is  shown  in  Fig.4.  The  band  emission  of  the  exciton  bound  to 
P-isoelectronic  trap  is  anomalous  in  variation  of  the  emission  peak  position  with  temperature  as  shown  in 
Fig.4.  The  maximum  shift  in  that  range  of  temperature  is  about  29  meV.  Generally  the  peak  position 
decreases  as  temperature  increase,  although  not  quite  as  fast  as  the  bandgap  which  decreases  in  this  same 
temperature  range  by  66  meV.  In  contrast  GaN:  Bi  emission  peaks  not  change  position  with  temperature. 
The  temperature  dependency  of  the  PL  integral  intensity  for  GaN:  P,  (Bi)  annealed  inNH3  are  plotted 
in  Fig.5.  The  activation  energies  derived  from  best  fit  to  equations  shown  considerable  variation  in  the 
values  of  activation  energies  E„  determined  from  a  larger  number  of  samples. 

The  example  of  low-temperature  photoluminescence  excitation  spectrum  (PLE)  from  GaN:  P  epi-layer 
monitored  at  430  nm,  uncorrected  for  the  spectral  variation  in  the  excitation  intensity,  is  shown  in  Fig.6,7. 
Below  the  exciton  peaks  we  can  see  a  broad  excitation  band.  This  excitation  band  is  attributed  as  the 
characteristic  excitation  band  of  the  P-isoelectronic  band  appearing  at  425  nm  (2.917  eV).  For  this  emission 
band  peaking  at  425  nm,  the  estimated  zero-phonon  line  position,  unobservable  because  of  strong  phonon 
coupling,  is  at  the  long-wavelength  end  of  the  excitation  band  at  379  nm  (3.2709  eV). 

Let  us  take  the  energy  difference  between  the  bandgap  for  GaN  and  the  estimated  zero-phonon  line  position 
to  be  a  measure  of  the  trapped  exciton’s  binding  energy  [6].  This  gives  us  a  value  of  232  meV.  The  binding 
energy  for  the  exciton,  localized  at  the  P-isoelectronic  trap  232  meV,  is  consistent  with  the  value  of  a 
thermal  dissociation  energy  ~230meV,  obtained  from  the  fitting  of  PL  quenching  shown  in  Fig.5a.The 
modulated  D-A  pairs  like  spectra  visible  on  the  short  wavelength  side  of  the  emission  spectrum  of 
GaN:  P  (Fig.  1)  is  attributed  to  recombination  of  the  electron  on  the  shallow  native  donor  with  a  hole  on 
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a  phosphorus  isoelectronic  center  (D-Iso  pair).  Taking  the  donor  energy  Ej  =  35.5  rneV  [5],  and  zero- 
phonon  line  at  382  nm  (Fig.  1)  we  obtained  for  the  binding  energy  for  the  exciton  localized  at  the 
P-isoelectronic  trap  222  meV.  This  value  is  consistent  with  estimation  of  the  binding  energy  for  the  exciton 
localized  at  the  P-isoelectronic  center.For  the  isolated  P,  Bi  isoelectronic  impurities  the  binding  energy  of 
a  hole  by  short  range  potential  can  be  described  [7]  by  a  three  dimensional  spherical  potential  well  model 
with  the  potential  depth  and  the  radius  p,.  The  binding  energy  of  an  exciton  to  an  isolated  P  impunty, 
a  P  pair  or  n-atomic  P  clusters  is  essentially  equal  to  the  binding  energy  of  a  hole  to  these  clusters.  To 
extend  this  model  to  the  n  atomic  P  clusters  it  is  assume  that  each  P,  Bi  atoms  in  a  cluster  contribute  the 
same  potential  well  leading  to  a  total  potential  well  with  unchanged  depth  and  n  times  enlarged  volume.  The 
Dotential  well  is  approximated  by  a  spherical  one  with  the  same  volume  having  the  effective  radius 

Pn  =  n'“Pi 

The  binding  energy  for  an  exciton  bound  to  an  n  atomic  P  cluster  is  given  by 

€„  =  [(^^P„^)/(2mV)]  (3a) 

Where  m*  is  free  (effective)  mass  of  an  electron.  The  P„  ^  must  be  calculated  from  the  transcendental 
equation: 

p„  =  {2m*  V„  /  -  P„  ^  }“•’  Cot  [p„  {2m*  V„  /  -  P„  ^  ’  ]  (3b) 

Using  above  equations  we  can  fit  the  experimental  binding  energy  e,  for  isolated  P  impurity  but  the  two 
parameters’  Vq  and  Pi  in  this  simple  model  cannot  be  determined  uniquely.  If  the  experimental  binding 
energies  are  known  for  isolated  P  impurity  e,  and  for  phosphorus  pair  ej  the  two  parameters  can  be  funds 
uniquely.  In  GaN  the  distances  between  like  atoms  is  0.3189  nm.  Taking  as  m  the  free  electron  mass,  and 
Pi  =  3.6x  lO'*'’  m,  we  can  calculate  the  potential  V„  to  fit  experimental  binding  energy  ej  .  For  the 
experimental  binding  energy  232  meV,  the  exciton  localized  at  the  P  isoelectronic  trap  the  two  parameters 
are:  pi  =  3.6x  10"'°  m,  and  V,,  =  1.397  eV. 
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Magnetoresistance  and  Cyclotron  Mass  in  Extremely-Coupled 
Double  Quantum  Wells  Under  In-Plane  Magnetic  Fields* 


275 


M.  A.  Blount,^  J.  A.  Simmons,  S.  K.  Lyo,  N.  E.  Harff,  and  M.  V.  Weckwerth 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico  87185  USA 

Abstract.  We  experimentally  investigate  the  transport  properties  of  an  extremely-coupled  AIGaAs/GaAs 
double  quantum  well,  subject  to  in-plane  magnetic  fields  (fi,).  The  coupling  of  the  double  quantum  well  is 
sufficiently  strong  that  the  symmetric-antisymmetric  energy  gap  (Ajas)  is  larger  than  the  Fermi  energy  (£p). 
Thus  for  all  B,,  only  the  lower  energy  branch  of  the  dispersion  curve  is  occupied.  In  contrast  to  systems  with 
weaker  coupling  such  that  we  find:  (1)  only  a  single  feature,  a  maximum,  in  the  in-plane 

magnetoresistance,  (2)  a  monotonic  increase  with  B,  in  the  cyclotron  mass  up  to  2.2  times  the  bulk  GaAs 
mass,  and  (3)  an  increasing  Fermi  surface  orbit  area  with  B„  in  good  agreement  with  theoretical  predictions. 


1.  Introduction 

Coupled  double  quantum  well  (DQW)  systems  have  shown  interesting  transport  properties  under  the 
application  of  an  in-plane  magnetic  field,  B,,.  Due  to  the  presence  of  inter-well  tunneling,  5,1  causes  the 
dispersion  curves  of  the  individual  QWs  to  shift  in  k-space,  and  a  partial  energy  gap  to  open  at  their 
anticrossing  point,  whose  width  is  given  by  the  symmetric-antisymmetric  gap  of  a  balanced  DQW  at 
Bii=0.  The  Fermi  surface  (FS)  of  this  unusual  system  thus  continuously  evolves  from  two  concentric 
circular  orbits  at  5,1=0,  to  a  large  hour-glass  shaped  orbit  and  a  much  smaller  lens-shaped  orbit  at  higher 
Sii.  In  contrast  to  the  constant  density  of  states  (DOS)  exhibited  by  a  single  2D  electron  layer,  this  system 
exhibits  additional  singularities  in  the  DOS  at  the  upper  and  lower  edges  of  the  anticrossing  gap.  [1] 
Because  the  energy  position  of  the  anticrossing  gap  depends  on  B,,,  the  DOS  singularities  can  be  made  to 
pass  through  the  chemical  potential  p,  producing  two  large  features,  a  minimum  followed  by  a 
maximum,  in  the  in-plane  magnetoresistance.  [2]  Simmons  et  al.  [3]  previously  measured  the  cyclotron 
mass  of  electrons  in  the  lens  orbit  by  adding  a  small  perpendicular  magnetic  field  Bj^  and  measuring 
the  dependence  of  the  Shubnikov-de  Haas  (SdH)  oscillations  on  temperature  T.  The  lens  was  found 
to  decrease  strongly  with  B,,,  in  agreement  with  theoretical  calculations.  [4]  Lyo  has  also  predicted  that, 
in  contrast  to  the  lens  orbit,  electrons  in  the  hourglass  orbit  will  exhibit  an  that  increases  with  B,,.  [4] 
However,  Simmons  et  al.  were  unable  to  reliably  determine  the  of  electrons  in  the  large  area  hourglass 
orbit  over  a  significant  field  range,  since  the  hourglass  SdH  oscillations  were  obscured  by  the  much 
stronger  SdH  oscillations  arising  from  the  small  area  lens  orbit. 

In  this  work,  we  investigate  the  transport  properties  of  an  extremely  coupled  DQW:  whereas  in 
almost  all  DQW  systems  previously  studied  was  smaller  than  the  Fermi  energy  Bp,  in  this  work  A^^s 
>  Bp.  Thus  at  B||  =  0  the  upper  energy  branch  (or  anti-symmetric  sub-band)  is  entirely  unoccupied.  As  a 
result,  for  all  B,,  only  the  lower  energy  branch,  or  hour-glass  orbit,  is  occupied,  enabling  its  transport 
properties  to  be  readily  determined.  This  system  displays  markedly  different  behavior  than  a  system  with 
both  branches  occupied.  (While  Millard  et  al.  [5]  have  recently  studied  a  system  with  only  lower  branch 
occupation,  the  extreme  built-in  density  imbalance  between  the  two  QWs  makes  interpretation  of  the  data 
much  less  straightforward.)  In  contrast  to  Ref.  3,  we  find  (1)  a  single  peak  in  the  in-plane 
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magnetoresistance  at  high  B^^,  (2)  an  enhancement  by  more  than  a  factor  of  two  in  the  cyclotron  mass  of 
electrons  in  the  lower  branch,  and  (3)  a  steadily  increasing  FS  orbit  area.  These  results  agree  with  the 
predictions  of  Lyo  for  a  system  with  only  the  lower  branch  occupied. 


2.  Samples  and  experimental  method 

Our  sample  was  grown  by  molecular  beam  epitaxy  and  consisted  of  two  identical  125  A  GaAs  quantum 
wells  separated  by  a  10  A  Alj  jGao^As  barrier.  Self-consistent  Hartree  calculations  on  this  structure 
without  gate  bias  yielded  a  of  8.5  meV.  A  metallic  top  gate  was  placed  over  the  DQW  in  order  to 
control  the  total  density  n.  At  gate  voltage  Vq  =  0.0  V,  the  total  mobility  was  9.4  x  10^  cmVVs,  and  n 
was  1.2  xlO"  cm■^  corresponding  to  an  E^of  4.3  meV.  At  Vq=0.5  V  the  total  mobility  increased  to  2.2 
X  lO"*  cm  ^  and  n  became  2.9  x  10"  cm■^  increasing  to  10.3  meV.  Due  to  the  conduction  band 
minima  offset,  the  upper-lower  branch  energy  difference  became  12.8  meV.  These  values  of  are 
both  below  the  calculated  therefore  the  upper  energy  branch  is  expected  to  be  unoccupied  for  all  B,,. 
Fourier  analysis  of  the  SdH  oscillations  in  a  pure  show  only  one  frequency  component,  verifying  that 
only  one  energy  branch  is  occupied.  An  in-situ  sample  tilting  stage  was  used  to  introduce  both  B,,  and  B^ 
components,  enabling  measurements  of  Magnetoresistance  measurements  were  made  via  standard 
four  terminal  low  frequency  lock-in  techniques  at  temperatures  between  0.3  and  10  K. 


3.  Measurement  results  and  discussion 
3.1  In-plane  magnetoresistance 

Fig.  1(a)  shows  the  in-plane  magnetoresistance  of  the  sample  as  a  function  of  B,,  for  Vq  =  0.0  V  and 
B^  =  0.  While  previous  work  [3]  on  samples  with  Aj^s  <  E^  showed  two  features,  a  large  minimum 
followed  at  higher  B,,  by  a  smaller  maximum,  this  extremely  coupled  sample  exhibits  only  a  single 
feature,  a  large  maximum,  occuring  at  B,,  =  10.8  Tesla.  The  occurence  of  only  a  maximum  in  the  in¬ 
plane  magnetoresistance  can  be  understood  by  considering  the  action  of  B,,  on  the  shape  of  the  dispersion 


Fig.  1.  (a)  In-plane  magnetoresistance  of  the  extremely  coupled  DQW.  Insets  show  sketchs  of  the  Fermi  surface  for 
different  characteristic  regions,  (b)  Sketch  of  dispersion  (left)  and  density  of  states  (right)  for  B,=0  (top)  and  B,  =  7  T 
(bottom),  (c)  Sketch  of  dispersion,  with  the  three  different  Fermi  surface  cases  depending  on  the  position  of  p. 
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curve.  Fig.  1(b)  shows  a  sketch  of  both  the  dispersion  and  DOS  for  our  density-balanced  coupled 
DQW,  for  the  two  cases  S„=0  and  5,1=7  T.  At  B„=0,  the  symmetric  (lower  energy  branch)  and 
antisymmetric  (upper  energy  branch)  dispersions  each  form  identical  paraboloids  offset  by  DS  AS.  The 
DOS  at  5,1=0  is  thus  constant  for  each  branch.  The  primary  effect  of  a  finite  5,,  is  to  induce  a  linear  shift 
Ak  =  edBJh  in  the  canonical  momenta  of  electrons  in  one  QW  relative  to  those  in  the  other,  where  d  is 
the  distance  between  the  electron  layers  and  5„  is  in  the  x-direction.  The  shifted  dispersion  curves  then 
form  an  anticrossing  gap  of  width  yielding  a  highly  non-parabolic  dispersion.  New  singularities  in 

the  DOS  appear  at  the  upper  and  lower  edges  of  this  gap.  The  shape  of  the  FS  is  given  by  the 
intersection  of  p.  with  the  dispersion,  as  illustrated  in  Fig.  1(c).  Three  distinctly  different  cases  occur, 
depending  on  the  energy  range  in  which  p  falls;  two  separated  Fermi  circles  (I);  an  hour-glass  shaped 
orbit  only  (II);  and  both  an  hour-glass  orbit  and  a  much  smaller  lens-shaped  orbit  enclosed  within  it  (III). 
As  5„  is  increased,  the  gap  rises  in  energy  relative  to  p.  For  samples  with  the  FS  changes  from 

case  III  to  case  II,  and  finally  to  case  I.  The  magnetoresistance  features  occur  at  the  two  transitions 
between  these  three  cases.  When  the  upper  edge  of  the  energy  gap  crosses  p,  a  magnetoresistance 
minimum  occurs.  This  is  because  a  step  decrease  in  the  DOS  exists  at  this  point,  causing  an  abrupt 
decrease  in  the  available  scattering  states  as  electrons  empty  out  of  the  lens  orbit.  [1,2]  At  higher  5„  the 
lower  edge  of  the  energy  gap  crosses  p.  Because  the  lower  gap  edge  is  a  saddle  point  in  the  dispersion, 
a  logarithmic  singularity  in  the  DOS  exists  here,  all  of  whose  states  have  zero  Fermi  veloeity.  Electrons 
are  thus  rapidly  scattered  into  these  non-current-carrying  states,  producing  a  magnetoresistance 
maximum.  In  the  extremely  coupled  DQW  investigated  here,  however,  Ag^^j  >  E^.  Thus  p  never  resides 
in  region  III,  causing  the  upper  energy  branch  to  be  unoccupied  for  all  5„  and  yielding  only  a  single 
feature  in  the  magnetoresistance,  a  maximum  corresponding  to  the  lower  gap  edge  crossing  p. 

Using  the  model  of  Ref,  2  and  assuming  balanced  densities  in  the  two  QWs,  we  estimate  the  5,,  at 
which  we  expect  the  maximum  to  occur.  The  lower  edge  of  the  anticrossing  gap  will  cross  m  when  the 
the  momentum  offset  is  such  that  the  undistorted  QW  dispersion  curves  cross  at  an  energy  E^  + 
As^s/2.  Hence  edBJh  =  l[2m*{E^+hiJ2)]''^lh.  Using  d  =  135  A,  this  yields  a  position  of  5,,  =11 .9 
T,  differing  by  only  10%  from  the  experimental  value. 

3.2  Cyclotron  mass 

In  order  to  measure  m^,  the  sample  was  rotated  to  0=10°  from  a  purely  5„  so  as  to  introduce  a  small  Sj^. 
For  several  different  T,  sweeps  of  total  field  5^.  were  then  performed,  resulting  in  simultaneous  variation 
of  5j^  =  5Tsin0  and  5„  =  5tCos0.  The  mass  measurement  was  performed  for  both  Vo=0.0  V  and  0.5  V. 
Following  Simmons  et  al.  [3],  was  extracted  from  the  T-dependence  of  the  SdH  oscillation  amplitude 
using  a  form  of  the  Ando  formula,  AR(T)/AR{TJ)  =  Tsm]\[^TJmJmJ)IBJ\  /  roSinh[|3r(m/m5)/5j^]. 
Here  AR  =R{B^  -  5(5j^=0),  is  the  base  temperature,  P=  2n\mjhe  and  is  the  free  electron  mass. 

Fig.  2(a)  shows  fits  of  this  expression  to  the  measured  AR(T)/AR{TJ)  for  5„  =  4.2  and  9.7  T,  at 
Vq=0.5  V,  with  m,  the  only  fit  parameter.  At  4.2  T  the  extracted  value  of  =  0.069  is  very  close  to 
that  of  bulk  GaAs!  m*onAs  =  0-067  m^.  However,  at  9.7  T  we  find  that  m,  has  increased  to  0. 1 13  or 
-1.7  times  Repeating  this  procedure  for  several  SdH  extrema,  in  Fig.  2(b)  we  show  as  a 

function  of  5,,  foVthe  two  values.  For  Vg=0-5  V,  m^  increases  monotonieally  to  -1.7  times 
while  for  Vg=0  V  me  reaches  a  value  over  2.2  times  This  is  contrast  to  previous  work,  in  which 

the  lens  orbit  m,  decreased  monotonieally  with  5,,,  and  the  hourglass  orbit  m,  could  not  be  fully 
determined.  In  the  present  work  the  absence  of  the  lens  orbit  enables  the  ready  determination  of  the 
hourglass  m,  over  a  broad  field  range.  Our  data  agrees  well  with  the  theory  of  Lyo  for  a  DQW  with  only 
lower-branch  occupation,  as  shown  by  tight-binding  calculations  for  our  sample  (solid  lines).  [4] 
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Fig.  2.  (a)  Amplitude  of  SdH  oscillations  vs.  temperature  at  B^A.l  and  9.7  T.  Dotted  lines  show  fits  to  the  Ando  formula, 
yielding  mj=0.069  and  0.113  rria  respectively,  (b)  Summary  of  mass  data  vs.  fi,  for  Fc=  0  V  (triangles)  and  0.5  V  (circles). 
Lines  show  theory,  (c)  Area  of  hourglass  orbit  vs.  Inset  shows  condition  under  which  saddle  point  begins  to  form. 


Although  we  could  not  reliably  extract  for  5„  >  10  T,  we  expect  that  at  higher  the  lower  gap  edge 
would  cross  p,  causing  to  return  to  the  bulk  GaAs  value.  This  has  been  observed  in  Ref.  5. 

3.3  Fermi  surface  orbit  area 

We  also  measured  the  B||-dependence  of  the  area  in  k-space  of  the  hourglass  orbit,  given  experimentally 
by  A  =  (27ce/fi)[A(l/Bj^)]  ',  where  A(l/Bj^)  is  the  reciprocal  spacing  of  the  extrema  of  the  SdH 
oscillations.  In  Fig.  2(c)  we  plot  A  as  a  function  of  B,,  for  V(3=0.  The  data  shows  a  nearly  constant  area 
until  about  7  T,  after  which  it  increases  rapidly.  At  9.7  T,  A  reaches  a  value  over  60  %  larger  than  at  2 
T.  This  increase  in  A  with  B,,  is  in  agreement  with  our  picture  of  a  system  with  lower  branch  occupation 
only.  The  hourglass  orbit  is  elongated  by  the  action  of  B„,  causing  a  corresponding  increase  in  the  area. 
Again,  this  is  in  contrast  to  the  previous  measurements  of  Simmons  et  al.,  [3]  which  allowed 
measurement  of  only  the  lens  orbit  area,  since  its  strong  oscillations  obscured  those  of  the  hourglass 
orbit.  In  that  work,  the  lens  orbit  area  was  shown  to  decrease  with  B,,.  We  note  that  the  hourglass 
orbit’s  area  remaining  relatively  constant  until  ~7  T  is  also  consistent  with  a  large  Aj^s^  although  the  orbit 
will  change  shape  at  small  values  of  B,,,  its  area  will  not  change  significantly  until  the  saddle  point  begins 
to  develop.  Roughly,  this  will  occur  when  the  momentum  offset  Ak^  is  such  that  the  two  undistorted 
QW  dispersion  curves  cross  at  an  energy  AsaJ'^  above  the  dispersion  minimum.  That  is,  Ak  =  edBJti  = 
2[ot*A5^5]''^/B.  For  A5,^5=8.5  meV,  this  expression  yields  8.5  T,  in  fair  agreement  with  the  data. 
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Abstract.  We  determine  the  band  offset  ratio  of  GaAs/GaXAs  heterostructures,  where  X  is  any  alloying 
element  (e.g.  In,  Al,  P,  Sb),  by  studying  GaXAs/AIGaAs  superlattices.  Photoluminescence  is  measured  at 
both  ambient  and  high  pressure  from  GaAs  and  GaXAs  quantum  wells  and  this  yields  the  band  offset  ratio  of 
the  GaXAs/GaAs  interface.  To  confirm  the  technique,  the  band  offset  ratio  of  GaAs/AlGaAs  is  determined  in 
this  paper  using  this  general  method,  and  the  result  agrees  well  with  previously  published  data  obtained  more 
directly. 


1.  Introduction 

With  the  increasing  diversity  of  heterostructures  used  in  advanced  semiconductor  devices  and  the  need 
to  characterise  their  electronic  band  structures,  a  general  method  for  determining  band-offset  ratios  is 
becoming  important.  The  general  method  demonstrated  here  can  be  applied  to  any  GaXAs/GaAs 
interface,  where  X  is  an  alloying  element  (e.g.  In,  Al,  P,  Sb),  and  can  also  be  extended  to  a  wider  range 
of  compounds  and  alloys.  We  have  previously  reported  the  band  offsets  of  InGaAs/GaAs  using 
InGaAs/AlGaAs  superlattices  [1].  Here  we  determine  the  band  offset  ratio  of  GaAs/AlGaAs 
heterostructures  directly  by  comparing  GaAs/AlGaAs  and  AlGaAs/AlGaAs  superlattices. 

In  1986,  using  a  direct  but  not  generally  applicable  method,  Wolford  et  al  [2]  reported  the  band 
offset  ratio  of  GaAs/AlGaAs  to  be  68  :  32  and  Venketaswaran  et  al  [3]  reported  it  to  be  70  :  30 
(Qc  ■  fiy)'  In  this  paper  we  apply  our  general  method  to  GaAs/AlGaAs  and  find  good  agreement,  thus 
demonstrating  the  validity  of  the  general  method. 


2.  Experimental  Details 


The  samples  were  grown  by  molecular  beam  epitaxy  (MBE)  at  the  EPSRC  HI-V  Central  Facility  in 
Sheffield.  One  sample  consisted  of  20  repeats  of  an  80A  GaAs  quantum  well  in  150A  Al^jpGag^jAs 
barriers.  The  other  was  identical  to  the  first  apart  from  having  Alp  ,pGapgpAs  alloy  quantum  wells.  To 
achieve  the  AlpjpGapgpAs  quantum  well,  a  short  period  superlattice  was  grown,  consisting  of 
1  X  AlpjpGap^pAs  +  2  X  GaAs  monolayers.  Relatively  thick  quantum  wells  were  used  so  that  the 
corrections  for  quantum  confinement  would  be  small. 

The  experiments  were  carried  out  in  a  miniature  diamond  anvil  cell  at  lOK  using  our  standard 
techniques  [4].  The  cell  was  loaded  with  argon  as  the  pressure  transmitting  medium  and  a  piece  of 
lOpjjGap^^As  was  used  for  pressure  calibration.  Photoluminescence  was  excited  by  a  few  mW  of 
5l4nm  argon  ion  laser  radiation. 
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3.  Results  and  Discussion 

Photoluminescence  was  measured  at  ambient  pressure  from  both  the  GaAs  quantum  wells  and  the 
Alp  jpGa^j^pAs  quantum  wells.  From  figure  1,  the  difference  in  energy  between  the  Al^  j^Ga^  jpAs(r-r) 
transition  and  the  GaAsCF-F)  transition,  is  the  total  band  offset  energy,  in  a 

GaAs/AlGaAs  heterostructure.  The  pressure  was  increased  to  above  F-X  crossover  so  the 
photoluminescence  transitions  occurred  between  the  Al^jpGa^^pAs  X  level  in  the  barrier  and  the  F 
valence  band  level  in  the  quantum  well.  The  difference  in  energy  between  the  two  transitions, 
Al„3gGaQ7(,As(X)-Alg  ,pGajggAs(r)  and  Alg3gGaj.jgAs(X)-GaAs(r),  or  shown  in  figure  1,  is 

the  band  offset  energy  in  the  valence  band,  The  band  offset  in  the  conduction  band,  AE^,  is  simply 
the  difference  between  AE  and  AE  . 

Because  of  the  sub-linearity  of  band-gaps  with  pressure  we  have  plotted  our  data  as  a  function 
of  unit  cell  density,  calculated  using  the  Mumaghan  equation  [5],  (see  figure  2).  Linear  plots  against 
pressure  and  against  lattice  constant  are  commonly  used,  but  it  was  found  that  different  workers’  data 
sets  were  best  reconciled  if  plotted  against  density  [6]. 


r - ■' 


AIGaAs  GaAs  AIGaAs  AIQaAs  GaXAs  AIGaAs 


Fig.  1 :  Photoluminescence  transitions  at  ambient  pressure  and  at  a  pressure  above  F-X  crossover,  for  a 
GaAs/AlGaAs  sample  and  a  GaXAs/AlGaAs  sample,  (X  =  Alp  j^).  The  total  band  offset  energy  for 
GaAs/AlGaAs  is  E^-  Ej,  and  the  valence  band  offset  energy  is  E^  -  E^-  Confinement  energies  are 
omitted  for  clarity. 
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%  Change  in  Unit  Cell  Density 

Fig.2:  The  photoluminescence  peak  energies  of  the  GaAs/AlQ  jQGaQ^QAs  (circles)  and 
AloioGao,oAs/Alo3oGao7oAs  (squares)  samples,  plotted  as  a  function  of  percentage  change  in  unit 
cell  density.  The  energies  -E2  =  AE^  and  -  £7  =  which  give  the  band  offset  ratio,  are  shown. 


At  ambient  pressure  strong  photoluminescence  peaks,  with  linewidths  of  a  few  meV,  were  observed 
from  the  quantum  wells  of  the  two  samples.  The  difference  in  energy  between  these  two  peaks  is  the 
difference  between  the  AL  ,(,Ga„„(,As  and  GaAs  band  gap,  (shown  on  figure  2).  Pressure  was 
then  applied  until  the  T  level  in  the  quantum  wells  crossed  with  the  X  level  in  the  barrier.  The 
photoluminescence  was  observed  to  quench  strongly,  and  the  emission  peak  began  to  move  slowly  to 
longer  wavelength.  Also  observed  were  some  weak  defect  related  bands  which  limited  the  range  over 
which  the  indirect  X-F  emission  could  be  followed.  The  valence  band  offset,  AE^,  of 
GaAs/AL  ,„Ga„„„As,  shown  in  figure  2,  is  the  difference  between  the  indirect  transition  energies  of  the 
two  samples  extrapolated  back  to  Okbar.  The  straight  line  fits  in  the  plot  are  calculated  by  using  a  least 
squares  fitting  routine  over  the  initial  linear  portion  of  the  plot  before  any  perturbation  from  the 
crossing  with  the  X  level.  The  pressure  under  which  the  two  samples  are  measured  is  subject  to  a 
significant  experimental  error,  so  the  fits  to  the  F  related  emission  have  been  rescaled  to  give  the  same 
slope,  as  have  the  fits  to  the  X  related  data. 

From  the  fits  in  figure  2,  =  1.909eV  +  3meV  and  E^  =  1.955eV  +  3meV.  The  errors  are 

determined  from  the  intercept  error  given  by  the  least  squares  fit.  Correcting  for  small  valence  band 
confinement  energies  of  E^^  =  7.9meV  and  E,,^  =  7.6meV,  the  valence  band  offset  is 

=  (E,  -  EJ  -  (E,  -  E  J  =  47  ±  5  meV 
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Similarly,  Ej  is  1.561eV  ±  2meV  and  Ej  is  1.694eV  ±  ImeV.  Thus  the  direct  energy  difference  at 
Okbar,  with  additional  corrections  for  confinement  energies  in  the  conduction  band  of  Ej^  =  62.7meV 
and  Ej^  =  53.3meV,  gives  a  total  band  offset  energy  of 

AE^  =  (E3  -  E3,  -  E3,)  -  (E,  -  E,,  -  E,,)  =  143  ±  2  meV 

so  the  conduction  band  offset  is  simply 

AE^  =AE^-AE^  =  96±5  meV 

yielding  a  band  offset  ratio  of  ;  2^,  =  67  :  33  ±  3  which  is  in  excellent  agreement  with  the  previous 
reported  results  of  68  :  32  [2]  and  70  :  30  [3]. 

An  additional  source  of  error  is  introduced  if  the  fits  to  the  X  related  data  are  not  forced  to  have 
the  same  slope.  In  this  case,  extrapolations  of  the  separate  fits  to  Okbar  gives  E^  =  1.909eV  and 
E^  =  1.962eV  and  a  band  offset  ratio  of  62  :  38,  so  that  alternatively,  an  average  result  of  65  :  35  +  5  is 
obtained. 


4.  Conclusions 

We  present  data  demonstrating  the  validity  of  this  general  method  for  obtaining  band  offsets  for  any 
pair  of  near-GaAs  alloys.  A  band  offset  ratio  for  GaAs/AlGaAs,  using  AlGaAs  barriers,  was 
determined  to  be  67  :  33  (Q^ :  Q^),  in  excellent  agreement  with  previously  reported  results.  The  main 
source  of  error  in  the  technique  is  still  the  difficulty  in  identifying  the  weak  X-related  transitions  above 
crossover,  and  the  consequent  uncertainty  in  the  extrapolation  to  Okbar.  Additional  error  is  also 
introduced  by  the  need  for  using  two  different  samples  which  have  to  be  measured  in  separate 
experiments.  Both  errors  will  be  eliminated  when  growth  problems  have  been  overcome  so  that  Ae  X- 
related  zero  phonon  line  and  phonon  replicas  are  clearly  visible,  and  the  two  different  sample  structures 
can  be  incorporated  into  one  structure. 

Once  the  difficulties  of  growing  suitable  structures  have  been  overcome,  the  general  method  is 
directly  applicable  to  GaAsSb/GaAs,  GalnAsP/GaAs  etc.  If  suitable  “marker”  barrier  X  levels  are 
identified,  the  method  would  extend  to  near-InP  compounds  and  many  others.  While  the  necessary 
GaXAs  growth  may  be  problematic  we  have  shown  that  short  period  superlattices  can  be  adequate 
substitutes. 
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Time-resolved  photoluminescence  of  ZnSxSej.x  (0  <  x  <  0.12) 
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Abstracts.  We  have  reported  steady-state  and  time-resolved  PL  studies  of  ZnS;,Se,.,  epilayers  grown  on 
GaAs  substrate  by  molecular  beam  epitaxy  with  various  sulfur  compositions  around  the  lattice  matching 
composition  (0<x<0.12).  We  have  investigated  the  PL  decay  dynamics  of  ZnS,Se;.,  epilayers,  and 
found  that  the  decay  time  of  the  ZnS,Se,.,  epilayer  with  sulfur  composition  closely  lattice-matched  with  the 
substrate  is  longer  than  that  of  any  other  lattice-mismatched  one.  This  is  interpreted  as  indicatig  that  the 
crystalline  defects  induced  by  lattice  mismatch  with  the  substrate  mainly  act  as  nonradiative 
recombination  centers  and  consequently  reduce  the  PL  lifetimes  of  the  epilayers.  These  studies  suggest 
that  the  lattice  mismatch  has  a  strong  correlation  with  PL  lifetimes  of  the  ZnS„Se;.„  epilayers. 


1.  Introduction 

The  steady-state  and  time-resolved  photoluminescence  (PL)  studies  of  ZuS^Se/.x  epilayers  on  GaAs 
substrate  grown  by  molecular  beam  epitaxy  around  the  lattice  matching  composition  (0  <  x  <  0.12)  are 
discussed.  The  primary  focus  of  this  work  is  on  determining  the  influence  of  crystal  defects  mainly 
induced  by  lattice  mismatch  on  the  PL  lifetimes  for  ZnS;,Se/.;,  epilayers  grown  on  GaAs.  Little  is 
known  about  the  excitonic  recombination  lifetime  in  ZnS;cSe;.;t  epilayers.  To  our  knowledge,  we  have 
firstly  observed  the  PL  decay  times  of  ZnS;,Se/.;.  epilayers  through  time-resolved  PL  measurements. 


2.  Experiment 

The  ZnS;tSe/.i  /GaAs  structures  under  investigation  were  grown  in  a  dual-chamber  RISER  32P  MBE 
system.  Undoped  GaAs  buffer  layers  with  a  thickness  of  500  nm  were  grown  at  560  °C  on  (100)- 
oriented  GaAs  substrate.  The  undoped  ~  0.6  pm  thick  ZnS^Se,-^  (0  <  x  <  0.12)  epilayers  were 
deposited  at  300  °C  on  the  GaAs  buffer.  The  sulfur  composition  was  determined  by  double-crystal  X- 
ray  diffractometry  (DCXD).  Time-correlated  single  photon  counting  (TCSPC)  system  has  been 
employed  to  study  the  exciton  dynamics  of  the  ZnS,Se/.x  epilayers.  The  excitation  source  is  a 
picosecond  dual-jet  dye  laser  (Coherent  702)  with  a  cavity  dumper  (Coherent  7220)  at  3.8  MHz 
dumping  rate.  The  instrumental  response  function  of  our  TCSPC  system  was  typically  55  ps,  which 
gives  about  10  ps  time  resolution  through  deconvolution  technique. 
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3.  Results  and  Discussions 


Fig.  1(a)  shows  the  PL  spectra  of  the  ZnS;tSe/.i  epilayers  grown  on  GaAs  substrate  with  various  sulfur 
compositions  (0  <  ;c  <  0.12)  at  12  K.  The  two  peaks  of  free  exciton  (FE)  and  donor  bound  exciton 
(DBE)  emissions  with  different  intensities  were  observed  for  each  sample.  The  full  width  at  half 
maximum  (FWHM)  of  DBE  and  FE  emission  bands  of  each  sample  are  nearly  3.5  meV,  indicating 
that  the  crystallinity  of  the  epilayers  is  similar  to  each  other.  The  origins  for  free  and  bound  exciton 
emissions  were  identified  through  the  temperature  and  excitation  dependent  PL  measurements  shown 
in  Fig.  1(b)  and  (c).  As  the  temperature  increases,  the  bound  excitonic  PL  lines  disappear  (near  70  K) 
because  the  binding  energy  of  the  exciton  bound  to  the  impurity  is  smaller  than  the  free  exciton 
binding  energy.  The  measured  energy  difference  between  FE  and  DBE  emission  is  nearly  the  same  for 
each  sample  (5  ~  6  meV)  and  cam  be  considered  to  be  the  binding  energy  of  DBE  which  corresponds 
to  the  exciton  emissions  bound  to  neutral  donors  weakly.  The  excitation  intensity  dependent  PL 
spectra  show  that  the  intensity  of  FE  emission  was  found  to  increase  more  than  that  of  DBE  with 
increasing  the  excitation  intensity.  The  temperature  and  laser  excitation  intensity  dependent  PL 
measurements  were  earned  out  using  the  325  nm  line  of  a  cw  He-Cd  laser  and  various  neutral  density 
filters.  In  addition  we  observed  that  the  PL  intensity  of  DBE  emission  became  weaker  as  sulfur 
composition  x  increases.  Hence  the  enhancement  of  the  FE  emission  for  the  sample  with  higher 
sulfur  composition  is  likely  attributable  to  the  localization  of  free  excitons  due  to  an  increase  in  alloy 
fluctuation.  The  potential  fluctuation  of  alloy  disorder  could  create  the  free  excitons  in  a  localized 
state.  These  excitons  may  have  low  probability  to  meet  nonradiative  decay  centers,  and  result  in  large 
oscillator  strengths  for  optical  transitions. 


Energy  (eV) 


Energy  (eV) 


Energy  (eV) 


Fig.  1.  (a)  PL  spectra  of  the  ZoS^Se-z.^  epilayers  on  GaAs  substrate  with  various  suifur  compositions 
(0  <  X  <  0.12)  at  12  K.  DBE  and  FE  represent  the  donor  bound  exciton  and  free  exciton  emissions, 
respectiveiy.(b)  Temperature  dependent  PL  spectra  of  ZnS^fSez.;^  epiiayers  (x  =  0.078)  (c)  Laser 
excitation  intensity  dependet  PL  spectra  of  ZoS^Se^.^^  epiiayers  (x  =  0.078) 
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Fig.  2  illustrates  the  PL  decay  profiles  for  both  free  exciton  and  donor  bound  exciton  emissions 
observed  in  the  ZnSj:Se/.j:  (x  =  0.062)  epilayer  at  12  K.  The  PL  decay  times  for  DBE  and  FE  emissions 
of  ZnS;cSe/.x  (x  =  0.062)  epilayer  were  found  to  be  around  140  and  130  ps,  and  the  risetimes  of  about 
90  and  30  ps,  respectively.  In  the  case  of  an  ~  1  pm  thick  ZnS^tSej.jt  epilayer  (x  =  0.062)  with  the  same 
PL  FWFIM  value,  the  measured  PL  decay  times  were  around  250  and  210  ps  for  DBE  and  FE 
emissions,  respectively.  The  faster  PL  decay  time  of  ~  0.6  pm  thick  epilayer  as  compared  with  that  of 
~  1  pm  thick  sample  is  probably  associated  with  the  surface  recombination  effect  [1].  It  has  to  be 
pointed  out  that  the  measured  PL  decay  time  does  not  provide  a  direct  measurement  of  radiative 
lifetime,  and  represents  an  effective  carrier  lifetime  (Xeff )  for  free  excitons  and  bound  excitons.  It  can 
be  expressed  as  a  combination  of  radiative  (tr  )  and  nonradiative  (tnr  )  recombination  lifetimes  with 
the  decay  rate  given  by  1/  Xefr  =  1/  tr  +  1/  tnr.  For  the  cases  where  the  nonradiative  decay  rate  is  larger 
than  the  radiative  one,  the  measured  decay  time  follows  the  characteristic  of  the  nonradiative 
processes  such  as  multiphonon  emission  or  capture  of  free  excitons  at  defects  and  impurities.  The 
risetime  of  PL  contains  information  concerning  the  dynamics  of  the  formation  of  excitons  from  the 
initially  photogenerated  electron-hole  pairs.  Since  the  excitation  energy  (~  4.2  eV)  is  above  the  band 
gap  of  the  ZnSiSe/.,t  epilayers  (~  2.9  eV),  we  can  anticipate  a  finite  rise  of  the  FE  emission  due  to  the 
relaxation  of  excitons  with  excess  energies.  In  addition,  we  have  observed  the  longer  risetime  of  the 
DBE  emission  than  that  of  the  FE  whose  energy  is  only  5  ~  6  meV  apart  from  the  DBE  emission.  The 
slow  rise  of  the  DBE  emission  probably  reflects  the  relaxation  of  the  FE  into  the  DBE  energy  by 
nonradiative  relaxation  processes  such  as  interaction  with  acoustic  phonons. 

In  Fig.  3(a)  the  sample  with  x  =  0.051  composition  was  observed  to  have  the  longer  decay  time, 
~  170  ps,  than  those  with  x  =  0.033  and  0.094  for  which  decay  times  are  around  110  and  120  ps, 
respectively.  The  composition  dependent  decay  times  of  DBE  and  FE  emissions  for  the  ZnS;,Se/.x 

(0  <  X  <  0.12)  epilayers  are  summarized  in 
Fig.  3(b).  The  ZnSjSey.j  epilayer  is  known  to 
be  lattice-matched  with  GaAs  substrate  for 
the  composition  x  of  ~  0.055  at  room 
temperature  [2,3]  and  of  ~  0.08  at  growth 
temperature  around  340  °C  [4,5].  And  it  was 
reported  that  the  lattice  matching  sulfur 
composition  x  at  1 1  K  is  almost  the  same  as 
that  at  room  temperature  as  expected  from 
the  thermal  expansion  coefficients  [4].  As 
illustrated  in  Fig.  3(b),  the  decay  time  of  the 
ZnSxSe/.x  epilayer  with  x  =  0.051,  which  is 
close  to  the  lattice  matching  sulfur 
Time  (ns)  composition,  is  slower  than  that  of  any  other 

sample.  There  are  pre-existing  defects 

Fig.  2.  PL  decay  profiles  for  DBE  and  FE  emissions  originated  from  the  II-VI/III-V  interface 
observed  in  the  ZnS^Se^.x  epilayers  (x  =  0.062)  at  12  K.  during  the  growth. 

But  the  defects  such  as  misfit  dislocations  caused  by  the  lattice  mismatch  would  be  dominant  in  the 
PL  decay  for  ZnSxSe/.;^  epilayer,  where  its  thickness  (~  0.6  pm)  is  larger  than  the  critical  thickness  (~ 
0.2  pm)  [4,6]  from  which  the  strain  starts  to  relax  by  nucleation  of  misfit  dislocations.  This  suggests 


286 


that  the  longer  PL  lifetimes  for  the  ZnSxSe;_i  epilayers  with  sulfur  composition  closely  lattice-matched 
with  GaAs  substrate  arises  from  the  decrease  of  crystalline  defects  which  are  mainly  induced  by  the 
lattice  mismatch.  On  the  other  hand,  the  crystal  defects  such  as  stacking  faults  and  misfit  dislocations 
provide  nonradiative  deactivation  centers  for  the  decay  of  excitonic  emission  in  the  lattice- 
mismatched  ZnS;cSe7.j:  epilayers 


4.  Summary 

The  steady-state  and  time-resolved 
photoluminescence  (PL)  studies  of  ZnS;cSe/.j: 
epilayers  on  GaAs  substrate  grown  by 
molecular  beam  epitaxy  around  the  lattice 
matching  composition  (0  <  x  <  0.12)  are 
discussed.  The  fast  decay  for  both  free 
exciton  and  bound  exciton  emissions  suggest 
that  the  exciton  lifetimes  in  the  ZnSj:Se/.;t 
epilayers  are  governed  by  nonradiative 
relaxation  processes.  The  PL  lifetime  is 
longer  for  the  sample  with  sulfur 
composition  which  is  closely  lattice-matched 
with  the  substrate  than  for  any  other  lattice- 
mismatched  one.  It  is  considered  that  the 
crystalline  defects  such  as  misfit  dislocations 
induced  by  lattice  mismatch  with  the 
substrate  mainly  act  as  nonradiative 
recombination  centers  and  consequently 
reduce  the  PL  lifetimes  of  the  epilayers.  As  a 
result  of  our  empirical  assignments,  we  have 
deduced  that  a  precise  lattice  matching  is 
needed  to  obtain  crystals  which  have  a  longer 
PL  lifetime  in  the  ZnS;cSe7.x  /GaAs  system. 

Fig  3. (a)  PL  decay  profiles  for  DBE  emission  in  the  ZnSxSe-f  epilayers  with  various  sulfur  compositions  of 
X  =  0.033,  0.051  and  0.094  at  12  K.  (b)  Sulfur  composition  dependence  of  decay  times  for  DBE  and 
FE  emissions  in  the  ZnS^Se^.^f  epilayers  on  GaAs  substrate  at  12  K. 
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Abstract  GaAs-AlGaAs  III-V  compound  semiconductor  materials  and  structures  have  many  applications  for 
electronic  and  optoelectronic  devices.  Large  diameter  wafers  from  epitaxial  growth  of  these  materials  with  high 
quality  and  high  uniformity  are  in  great  demand.  Non-destructive  and  whole  wafer  characterizations  are  very 
necessary  for  these  materials  in  mass  production  industry  environment.  In  this  study,  we  demonstrate  the  low 
pressure  MOCVD  growth  and  non-destructive  materials  characterization  on  100  mm  (4”)  diameter  wafer  epitaxial 
films  of  GaAs,  AlGaAs,  and  quantum  well  structures.  A  series  of  mapping  distributions  of  the  film  thickness,  sheet 
resistivity,  and  PL  spectra  within  a  run  and  run  to  nin  are  illustrated.  Uniformities  of  our  epitaxial  film  thickness, 
sheet  resistivity,  major  PL  hand  peak  wavelength  and  width  are  better  than  1-4%,  characteristic  of  the  grown 
materials  with  high  crystalline  quality  and  uniformity.  These  wafer  scale  material  characterizations  were  tightly 
coupled  with  the  epitaxial  growth  processes  for  the  optimization  of  growth  and  processing  parameters. 


1.  Introduction 

GaAs-based  III-V  compound  semiconductor  materials  and  structures  have  many  applications  in 
electronic  and  optoelectronic  devices  working  over  a  wide  wavelength  range  from  visible  to 
infrared  (IR).  Mass  production  and  large-scale  wafer  epitaxial  growth  of  these  materials  with  high 
quality  and  high  uniformity  are  in  great  demand.  Further  developments  in  modern  electronics  and 
optoelectronics  require  the  production  of  different  types  of  III-V  material  and  microstructure 
wafers  with  high  uniformity  over  the  entire  wafer  area,  coupled  with  the  ability  to  maintain  a  wafer- 
to-wafer  repeatability  within  a  run  and  run-to-run,  the  ability  to  maximize  the  yield  per  wafer  and 
the  minimization  of  the  costs  of  mass  production.  To  meet  these  challenges,  EMCORE 
Corporation  has  developed  and  applied  the  advanced  TurboDisc™  technology,  which  utilizes  a 
vertical  growth  configuration  and  a  high  speed  rotating  disk  reactor  (RDR)  for  the  metalorganic 
chemical  vapor  deposition  (MOCVD)  of  large  area  and  multiple  wafer  growth  of  various 
semiconductor,  ferroelectric,  oxide  and  superconductor  materials  [1-5  and  refs.  in].  To  achieve 
these  goals,  we  face  a  new  challenge  on  the  necessity  for  whole  wafer  non-destructive  material 
characterization.  Whole  wafer  scale  and  non-destructive  characterizations  are  quite  different  from 
single  point  and  destructive  measurements,  and  are  more  difficult  and  important  in  compound 
semiconductors  than  in  silicon  case.  As  a  flexible  technique,  whole  wafer  characterization  ability 
has  become  an  important  part  of  advanced  growth  technology  development. 

In  this  study,  we  describe  our  efforts  to  establish  several  mapping  techniques,  present  some  results 
on  whole  wafer  mappings  and  demonstrate  the  non-destructive  material  characterization  of  100  mm 
(4”)  wafer  size  epitaxial  films  of  binary  GaAs,  ternary  AlGaAs  and  microstructures.  These  data 
show  that  the  grown  materials  are  of  high  crystalline  quality  and  uniformity.  For  example, 
uniformities  of  our  epitaxial  film  sheet  resistivity,  major  PL  band  peak  wavelength  and  band  width 
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are  typically  better  than  1-4%.  These  wafer  scale  material  characterizations  were  tightly  combined 
with  the  epitaxial  growth  processes  and  helped  to  greatly  improve  the  quality  and  uniformity  of  the 
large  scale  wafer  epitaxial  films,  thereby  guaranteeing  the  success,  high  yield  and  high  efficiency  of 
mass  production  for  modem  electronic  and  optoelectronic  materials  and  structures  using 
TurboDisc^  MOC VD  and  technology. 


2.  Experimental 

2.1  Growth  Technology 

GaAs-based  materials  in  this  study  were  grown 
using  an  EMCORE  Enterprise  400  (E400) 
system  with  a  16”  wafer  carrier  and  in  the 
vertical  growth  configuration,  as  shown  in 
Figure  1.  A  high  speed  rotating  disk  holds  a 
susceptor  with  a  diameter  of  400  mm  in  this 
model.  Nine  wafers  of  100  mm  (4”)  diameter 
or  equivalent,  such  as  38x2”,  17x3”,  4x150  mm 
or  1x300  mm,  wafers  are  handled  per  run.  The 
loadlock  system  allows  fully  automated  transfer  of  platters  into  and  out  of  the  reaction  chamber 
without  breaking  vacuum.  The  system  design  was  made  according  to  the  hydrodynamic  symmetry 
and  rotating  disk  reactor  (RDR)  flow  dynamics,  which  ensures  growth  to  be  laterally  uniform, 
abruptly  switchable,  and  robust  against  variations  in  process  parameters  [1,4,5].  High  purity 
trimethygallium  (TMGa)  and  trimethyaluminum  (TMAl)  metalorganic  sources  were  used  to  supply 
Ga  and  Al,  respectively,  and  AsHs  was  used  for  P.  High  purity  H2  was  used  as  the  carrier  gas. 
More  growth  details  can  be  found  in  Refs.  1-5. 

2.2  Characterization  Techniques 

Sheet  resistivity  mapping  was  performed  by  a  Lehighton  eddy 
current  sheet  resistivity  non-destructive  mapper.  A  55  point  3- 
dimensional  (3D)  map  is  created  as  a  function  of  position  on 
the  wafer.  Fourier  transform  infrared  (FTIR)  reflectance  and 
map  distribution  were  measured  by  a  Bio-Rad  175C  and  a 
PIKE  mapper.  Room  temperature  (RT)  photoluminescence 
(PL)  mapping  was  done  using  a  Philips  SPM-200  mapper 
using  a  He-Ne  laser  (633  nm)  in  this  study. 

3.  Results  and  Discussion 

3.1  Sheet  Resistance 

Sheet  resistance  mapping  has  become  a  routine 
characterization  at  EMCORE  for  epitaxial  films.  Doping 
distributions  over  large  area  epitaxial  wafers  can  be  studied  by  Lehighton  sheet  resistance  maps. 
The  effects  and  sheet  resistivity  distributions  of  n-type  Si  doping  in  2”  InGaAs/InP  and  4”  epitaxial 


Zn-doped  GaAs  To»675*c 

2n  -  2E18  em-> 


o  =  3.40Q/n 
Uniformity:  4.08% 

Figure  2  Sheet  resistance  maps  of 
two  MOCVD-grown  100  mm  diameter 
p-type  Zn-doped  epitaxial  fdms. 
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GaAs  have  also  been  presented  [2,4],  Here  we  present  new  results  on  p-type  zinc  doping,  which  is 
generally  more  difficult  than  n-type  doping.  Figure  2  exhibits  the  sheet  resistivity  maps  of  two  4” 
(100  mm)  Zn-doped  GaAs  epi-wafers  from  nine  wafers  in  one  growth  run.  As  can  be  seen,  nine  4” 
wafers  were  grown  in  the  same  single  run  with  one  wafer  sitting  in  the  center  of  the  platter  and 
eight  wafers  in  the  outer  region.  Our  results  show  that  by  using  a  high  speed  rotating  disk  and 
optimizing  process  parameters,  including  the  pressure,  rotation  speed,  flow  ratios  etc.,  all  the  eight 
wafers  located  on  the  symmetrical  locations  in  the  outer  region  of  the  platter  have  almost  identical 
films  grown  on.  This  means  that  all  the  eight  outer  4”  wafers  have  an  average  sheet  resistivity  of 
78.9  n/O  and  a  standard  deviation  (S-D),  a,  of  3.01  D/O  with  an  uniformity  of  3.8%.  The  inner 
wafer  possesses  a  slightly  different  average  value  of  83.7  G/O  and  o  of  3.4  G/D  with  an  uniformity 
of  4.1%.  It  has  been  reported  that  the  Zn  doping  concentration  is  related  to  the  substrate  growth 
temperature  [6].  Therefore,  the  good  Zn-doping  uniformity  is  also  an  indication  of  good  growth 
temperature  uniformity  over  the  entire  4”  wafer  region. 


3.2  FTIR  Thickness  Map 

Fig.  3  shows  an  example  of  a  thickness  mapping 
distribution,  determined  by  Fourier  transform  infrared 
(FTIR)  technique,  of  an  AlGaAs  film  grown  on  a  100  mm 
diameter  GaAs  substrate,  E1187B.  An  average  film 
thickness  of  1.30  pm  and  a  uniformity  of  1.4%  have  been 
obtained,  indicating  a  good  epi-film  thickness  control. 

3.3  Photoluminescence  Mapping 

PL  has  been  used  in  tbe  compound  semiconductor  industry 
as  a  major  characterization  tool,  since  it  provides 
information  on  both  alloy  composition  and  crystalline 
properties.  PL  maps  directly  predict  the  distributions  and 
uniformity  of  the  composition  and  crystalline  quality  of 
epitaxial  compound  films.  It  can  also  serve  for  the  quantum 
well  structures. 

Figure  4  (a)  shows  the  structural  diagram  of  a  GaAs-AlGaAs  single  quantum  well  (SQW)  structure, 
E809.  This  SQW  consists  of  a  56  A  wide  GaAs  well  with  1000  A  Al^Gai-^As  (x~30%)  barrier 
layers,  an  upper  clapping  layer  of  2500  A  n*  Si-doped  (1E18)  AlyGai.yAs  (y~60%))  with  a  100  A 
GaAs  cap  and  a  lower  cladding  layer  of  2000  A  un-doped  AlyGai.yAs  (y~60%),  grown  on  1000  A 
Si-doped  (1E18)  GaAs  on  a  semi-insulating  100  mm  diameter  GaAs  substrate.  Fig.  4  (b)  exhibits 
the  RT  PL  map  of  A,(peak)  with  an  average  value  of  800.4  nm  and  a  S-D  of  0.50  nm  (a  uniformity 
better  than  0.1%).  Fig.  4  (c)  shows  an  average  FWHM  of  24.1  nm  and  a  S-D  of  0.82  nm.  The 
FWHM  uniformity  of  the  main  PL  band  for  this  SQW  wafer  is  3.4%.  The  intensity  uniformity  is 
about  10%  (not  shown  here).  The  QW  PL  peak  position  is  directly  related  to  the  quantum  well 
width  and  barrier  composition  [7],  The  high  uniformity  in  peak  PL  wavelength  and  FWHM 
predicts  the  high  uniformity  of  the  quantum  well  width  and  barrier  alloy  composition,  and  good 
control  of  the  structural  interfaces.  Further  quantitative  analysis  is  in  progress. 
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Figure  3  FTIR  film  thickness  map  of  a 

MOCVD-grown  AlGaAs  film  on  GaAs  (100 
mm  diameter).  E1187B. 


290 


AIGaAs-GaAs  Single  Quantum  Well  Structure  (100  mm) 


AIo.60®®0.4oAs 


AIq  jflGao  7oAs 


(a) 


n*,  2500  A 

2500  A 

1000  A 

1000  A 

56A 


X  (peak) 


Figure  4  RT  PL  maps  of  a  100  mm  AIGaAs-GaAs 
single  quantum  well  (SQW)  with  the  structure  in  (a) 
and  two  PL  parameters  of  (b)  X(peak)  and  (c)  FWHM. 


4.  Conclusion 

We  have  demonstrated  whole  wafer 
characterization  by  applying  several  non¬ 
destructive  techniques,  including  sheet  resistance, 
FTIR-determined  film  thickness  and  room 
temperature  (RT)  photoluminescence  (PL)  for 
semiconductor  epitaxial  materials  of  100  mm  (4”) 
diameter  GaAs,  AlGaAs  and  quantum  well 
structures  prepared  by  TurboDisc™  MOCVD 
technology.  Good  results  have  been  obtained. 
Zn  doped  100  mm  p-type  epitaxial  GaAs 
possesses  a  sheet  resistivity  uniformity  of  3-4%. 
AlxGai-xAs  film  has  a  film  thickness  uniformity  of 
1.4%.  RT  PL  maps  show  the  AIGaAs-GaAs 
single  quantum  well  structure  with  a  peak 
wavelength  of  800.4+0.5  nm  (uniformity  better 
than  0.1%)  and  a  FWHM  uniformity  of  3.4%. 
The  success  of  these  achievements  are  based  upon 
the  advanced  MOCVD  TurboDisc^  technology 
[5  and  references  therein]  and  the  close  feedback 
of  the  characterization  information  with  the 
adjustment  and  optimization  of  various  growth 
parameters  and  conditions  [1-4],  Other  non¬ 
destructive  and  wafer  scale  characterization 
techniques,  using  such  as  double  crystal  X-ray 
diffraction,  Raman  scattering,  photoreflectance 
and  ellipsometry  spectroscopy  etc.,  are  under 
investigation  and  development. 
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Abstract.  We  report  an  investigation  of  the  structural  and  optical  properties  of  the  first  high  quality 
GaAs/AlGaAs  multi-quantum-well  structures  grown  on  (1 1 1)A  substrates  by  the  metallorganic  vapor  phase 
epita.xial  process  at  the  relatively  low  temperature  of  600  "C.  By  high-resolution  x-ray  difffactometry  it  is 
shown  that  the  structure  analyzed  has  a  good  crystal  quality  and  period  reproducibility.  The  structural  and 
optical  properties  were  also  investigated  by  photoluminescence  and  photoreflectance  spectroscopies.  A 
photoluminescence  linewidth  of  12.3  meV  at  1 1  K  indicates  that  the  well  length  (105  A)  fluctuation  over  10 
periods  is  at  most  ±3  monolayers  A  detailed  analysis  of  the  photoreflectance  spectrum  at  1 1  K  permits  an 
excellent  identification  of  all  the  allowed  and  also  weakly  allowed  optical  transitions  expected  for  this 
structure,  further  demonstrating  that  the  heterointerfaces  are  abrupt  and  smooth. 


1.  Introduction 

The  epitaxial  growth  of  AlGaAs/GaAs  multilayers  along  the  <11 1>  crystallographic  directions  has 
received  considerable  interest  in  the  last  few  years  due  to  their  special  fundamental  optical  and  electrical 
properties  and  their  possible  application  to  novel  optoelectronic  devices  [1],  A  strong  anisotropy  is 
present  in  the  valence  band  which  leads  to  a  large  heavy  hole  effective  mass  in  the  <1 1 1>  directions.  A 
reduced  threshold  current  density  for  <111>  lasers  as  compared  with  the  same  [001]  devices  has  been 
reported  [2], 
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Some  researchers  have  achieved  the  growth  of  high  quality  AlGaAs/GaAs  heterostructures  on 
(lll)A  and  (lll)B  GaAs  by  molecular  beam  epitaxy  (MBE)  [3,4]  using  high  growth  temperatures, 
however,  this  is  a  serious  obstacle  for  the  growth  of  the  strained  InGaAs/GaAs/AlGaAs  material  system 
necessary  for  the  fabrication  of  laser  devices  along  the  <11 1>  axes.  Recently,  the  growth  by  MBE  of 
high  quality  single-quantum-wells  (SQWs)  on  the  (1 1 1)A  face  at  520  °C  has  been  reported  [5].  Several 
works  have  been  published  on  the  growth  by  metallorganic  vapor  phase  epitaxy  (MOVPE)  of  GaAs  and 
AlGaAs  single  layers  on  (1 1 1)A  and  (1 1 1)B  substrates  It  has  been  observed  that  the  optimum  growth 
conditions  to  obtain  good  surface  morphology  are  very  limited  [6-8]  or  require  high  growth 
temperatures  (>800  °C)  [9,10],  In  a  previous  paper  we  demonstrated  the  feasibility  of  growing 
AlGaAs/GaAs  SQWs  on  (1 1 1)A  GaAs  at  a  relatively  low  substrate  temperature  (660  °C)  [11],  In  this 
work  we  present  the  fabrication,  structural  and  optical  characterization  of  high  quality  AlGaAs/GaAs 
multi-quantum-wells  (MQWs)  grown  at  an  even  lower  temperature  (600  °C). 


2.  Experimental 

AlGaAs/GaAs  QW  structures  were  grown  in  a  horizontal  quartz  MOVPE  reactor  operated  at 
atmospheric  pressure  We  used  nominally  exactly-oriented  (lll)A  and  2°-ofif  (100)  towards  [110] 
semi-insulating  GaAs  substrates,  which  were  placed  side  by  side  during  each  growth  run.  We  used 
100%  AsHj,  trimethylgallium  and  trimethylaluminum  as  precursors  The  MQW  structure  reported  in  this 
paper  consists  of  an  unintentionally  doped  AlGaAs/GaAs  MQW  of  10  periods  grown  on  top  of  a 
0  3  pm  buffer.  The  growth  temperature  was  600  °C  and  the  V/III  molar  ratios  were  68  for  the  GaAs 
and  52  for  the  AlGaAs  layers,  respectively. 

High-resolution  x-ray  difffactometry  (HRXRD)  was  used  to  assess  the  crystal  quality  of  the 
samples  and  to  obtain  structural  information.  The  measurements  were  carried  out  in  a  Bede 
diffractometer  (k  =  Cu  Kai).  For  the  (1 1 1)A  MQW  we  recorded  the  crystal  truncation  rods  around  the 
333  and  {224}±  reciprocal  points  using  0/k0  scans  to  improve  the  signal-to-noise  ratio  of  the 
measurements,  where  the  angular  ratio  k  depends  on  the  reflection.  The  experimental  scans  were  fitted 
by  theoretical  profiles  calculated  through  an  improved  simulation  model  [12], 

Photoluminescence  (PL)  measurements  at  11  K  were  performed  using  the  5145  A  line  of  an  Ar^ 
laser  with  an  excitation  intensity  of  0.001-2  W/cm^  and  a  double  pass  monochromator.  The 
photoreflectance  (PR)  measurements  at  300  K  and  1 1  K  were  made  by  using  the  beam  from  a  tungsten 
light  source  passed  through  a  double  pass  monochromator  as  the  probe  beam,  while  a  chopped  Ar’^  laser 
beam  tuned  to  5145  A  was  used  as  the  pump  beam.  The  reflectance  signal  was  detected  by  a  Si  diode 
with  a  longpass  filter  (Corning  3-68)  placed  at  the  collection  lens  to  cut  off  the  laser  beam.  Both  optical 
intensities  were  kept  low  (1  mW  for  the  laser) 


3.  Results  and  discussion 

Under  Normarski  contrast  microscopy  the  (lll)A  sample  showed  a  defect-free  surface  with  some 
hardly  visible  corrugation.  The  ( 1 00)  2°-oflf  sample  showed  a  mirror-like  surface.  According  to  HRXRD 
the  (1 1 1)A  sample  has  a  good  crystal  quality  with  clear  satellite  peaks  due  to  the  MQW  periodicity.  We 
could  deduce  the  A1  fraction  in  the  barriers  Xb  =  28  8±0.5  %,  and  the  well  and  barrier  thicknesses 
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Figure  1.  11  K  PL  spectra  of  a  10-period  AlGaAs/GaAs 
MQW  grown  on  (100)  2'’-off  and  (1 1 1)A  GaAs. 


Figure  2.  1 1  K  PR  spectrum  of  the  10-period 
AlGaAs/GaAs  MQW  on  (1 1 1)A  GaAs. 


L„=  105±5  A  and  Lb  =  225±5  A,  respectively.  By  HRXRD  it  was  also  determined  that  the  nominal 
orientation  of  the  substrates  was  correct  within  ±0.3°. 

Figure  1  shows  the  11  K  PL  emission  from  the  (111 )A  and  the  (100)  2°-off  samples  grown 
side-by-side.  It  can  be  seen  that  the  FWHM  is  12.3  meV  and  10.8  meV  for  the  (lll)A  and  the  (100) 
samples,  respectively.  The  FWHM  for  (1 1 1)A  is  slightly  lower  than  the  best  value  recently  reported  for 
an  MBE  AlGaAs/GaAs  MQW  with  only  5  periods  [4].  The  FWHM  value  indicates  a  well  thickness 
variation  across  the  10-period  MQW  of  ±3  monolayers  at  most 

The  11  K  PR  spectrum  for  the  (lll)A  AlGaAs/GaAs  MQW  and  the  best  theoretical  fit  are 
displayed  in  Figure  2.  The  PR  energies  are  identified  with  all  the  allowed  transitions  for  this  structure 
(up  to  E3-HH3)  and  five  weakly  allowed  transitions,  which  proves  the  high  optical  quality  of  the  MQW. 
The  eigenvalues  for  the  structure  were  calculated  assuming  a  band  gap  energy  for  the  AlxGai.^As 
barriers  corresponding  to  the  AlGaAs  transition  energy  at  1.878  eV  of  the  PR  spectrum.  This  energy 
represents  an  A1  fraction  Xb  =  29  %  according  to  ref  [13],  which  is  very  close  to  the  value  obtained 
from  HRXRD.  The  eigenvalues  that  best  agreed  with  the  experimental  transitions  are  listed  in  Table  1 
and  were  obtained  for  U  =  105  A,  in  perfect  accord  with  the  HRXRD  value.  An  exciton  binding  energy 
of  8  meV  was  subtracted  from  all  the  theoretical  eigenvalues  [14].  In  the  computations  the  GaAs 
effective  masses  employed  were  nte  =  0  067mo,  mhh  =  0.952mo,  and  mih  =  0.079mo,  and  the  AlGaAs 
effective  masses  were  me~0  087mo,  mhh~  1  002mo,  and  mih  =  0.093mc  [15].  The  conduction-  and 
valence-band  discontinuities  used  were  AEc  =  245  meV,  and  AEv  =120  meV,  respectively.  There  is  an 
excellent  agreement,  within  ±3  meV,  between  the  experimental  and  the  calculated  transitions  energies. 
The  PR  results  indicate  an  overall  well  width  fluctuation  of  ±1  monolayer,  which  is  even  lower  than  the 
fluctuation  previously  obtained  from  the  PL  FWHM. 


4.  Conclusions 

We  have  reported  the  growth  of  high  quality  AlGaAs/GaAs  MQWs  on  (1 1 1)A  GaAs  by  MOVPE  at  low 
temperature  (600  °C).  The  HRXRD  study  proves  the  good  crystal  quality  and  periodicity  of  the  MQW. 
The  sample  exhibited  a  single  PL  peak  with  a  FWHM  of  12.3  meV  at  11  K,  the  narrowest  value 
reported  for  a  MQW  on  {111}  GaAs,  which  corresponds  to  a  well  length  fluctuation  of  at  most 
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Table  1.  Comparison  between  the  experimental  energy  transitions  deduced  from  the  best  fit  to  the  1 1  K  PR 
spectrum  for  the  10-period  AlGaAs/GaAs  MQW  on  (1 1 1)A  GaAs  and  the  theoretical  eigenvalues  for  the  structure. 


Spectral 

feature 

PR  energy 
(eV) 

Calculation  * 
(eV) 

Spectral 

feature 

PR  energy 
(eV) 

Calculation  * 
(eV) 

AIo,29Gat-)7iAs 

1.878 

— 

E2-HH4 

1.669 

1.669 

E3-HH3 

1.771 

1.768 

E2-HH2 

1.635 

1.635 

E3-LH1 

1.764 

1.764 

E1-HH3 

1.565 

1.565 

E3-HH1 

1.745 

1.745 

El-LHl 

1.561 

1.561 

E2-HH6 

1.722 

1.722 

El-HHl 

1.543 

1.543 

E2-LH2 

1.703 

1.704 

*  After  deducting  an  exciton  energy  of  8  meV 


±3  monolayers.  The  PR  spectrum  shows  all  the  allowed  and  also  weakly  allowed  transitions  for  the 
structure,  further  demonstrating  the  excellent  interfacial  quality  of  the  MQW.  The  theoretically 
calculated  transition  energies  are  in  excellent  agreement,  within  ±3  meV,  with  the  observed  PR 
transitions  using  a  well  width  of  105  A,  in  full  agreement  with  the  HRXRD  value.  This  also  indicates  a 
thickness  fluctuation  of  ±1  monolayer.  Finally,  the  low  growth  temperature  (600  °C)  achieved  indicates 
a  good  prospect  for  the  growth  of  InGaAs/GaAs/AlGaAs  structures  for  the  fabrication  of  laser  devices. 
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Study  of  photoexcited  carriers  in  semi-insulating  InP  by  means  of  Ra¬ 
man  spectroscopy 
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Abstract.  We  present  a  study  of  photoexcited  plasmons  in  semi-insulating,  Fe-doped  InP  at  room  temperature 
and  at  80  K  by  means  of  Raman  spectroscopy.  Two  peaks  are  detected  in  the  frequency  region  of  the  LO  mode. 
Whereas  the  low-energy  peak  does  not  change  with  incident  laser  power,  the  high-energy  peak  shifts  to  higher 
energies  with  increasing  laser  power,  and  therefore  is  assigned  to  the  Z.+  branch  of  the  LO-plasmon  coupled 
mode.  The  LO  and  the  L+  modes  could  be  resolved  at  room  temperature  for  high  incident  power,  and  were 
clearly  resolved  at  80  K  for  all  the  incident  powers  studied.  The  Raman  spectra  were  fitted  using  a  Z,+  lineshape 
model  based  on  the  Lindhard-Mermin  dielectric  function,  in  which  contributions  from  electron,  heavy-hole  and 
light-hole  intraband  transitions  as  well  as  heavy-hole-light-hole  interband  transitions  were  taken  into  account. 
The  fitting  procedure  allows  us  to  determine  the  photoexcited  plasma  density  as  a  function  of  the  incident  laser 
power. 


1.  Introduction 

Recently,  there  has  been  a  great  interest  in  InP  due  to  its  applications  to  a  wide  range  of  high-performance 
electronic  and  optoelectronic  devices.  The  capablity  to  design  InP-based  devices  lies  in  the  thorough 
understanding  of  the  carriers  behaviour. 

Light  scattering  by  single-particle  and  collective  excitations  of  photoexcited  carriers  has  been  exten¬ 
sively  studied  in  GaAs  [1].  By  contrast,  only  a  few  articles  on  Raman  scattering  by  photoexcited  carriers 
in  InP  have  been  published  so  far,  some  of  which  report  time-resolved  measurements  using  high-power 
pulsed  lasers  for  generating  the  e-h  plasma  [2,  3].  The  observation  of  light  scattering  by  a  photoexcited 
plasma  in  InP  under  cw  laser  excitation  was  first  reported  by  Nakamura  and  Katoda  [4].  In  lightly  doped 
n-InP  they  observed  a  shift  of  the  L+  branch  of  the  LO-plasmon  coupled  modes  (LOPCM)  to  higher  fre¬ 
quency  with  increasing  laser  power.  The  shift  was  attributed  to  the  generation  of  photoexcited  carriers, 
whose  density  was  estimated  to  be  about  3x  10'^  cm”^  for  a  laser  power  density  of  1200  W  cm"^.  In  a 
more  recent  paper,  Boudart  et  al  [5]  have  reported  Raman  measurements  on  undoped  semiconducting 
(SC)  InP  and  semi-insulating  (SI)  InP:Fe.  For  the  SC  InP,  the  L+  modes  were  clearly  resolved  from  the 
LO  mode  arising  from  the  depletion  zone,  and  exhibited  the  expected  shift  to  higher  frequencies  with 
increasing  power  density.  However,  they  could  not  resolve  the  L+  and  LO  modes  in  SI  InP,  and  therefore 
the  presence  of  L+  modes  in  photoexcited  SI  InP  could  not  be  demonstrated.  Quite  recently,  the  results 
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Figure  1.  Poiarized  Raman  spectra  of  semi-insulating  InPiFe  for  different  inci¬ 
dent  laser  power  (a)  at  room  temperature  and  (b)  at  80  K. 

of  polarized  Raman  measurements  close  to  the  Eo  -|-  Aflo  resonance  have  been  published  [6].  These 
results  appear  to  be  in  conflict  with  previous  data,  as  frequency  shifts  of  only  0.2  cm~'  are  reported  for 
the  L+  peak,  even  with  very  high  exciting  laser-power  densities.  In  contrast,  shifts  in  excess  of  20 
cm~^  have  been  observed  by  other  authors  for  similar  laser-power  densities  [4,  5]. 

Up  to  date,  no  experimental  evidence  of  L"*"  modes  in  SI  InP  under  cw  laser  excitation  has  been  re¬ 
ported.  In  this  work  we  study  the  Raman  scattering  of  SI  InP  for  a  range  of  incident  cw  laser  power,  and 
show  that,  even  at  low  laser  power  densities,  the  photoexcited  e-h  plasma  couples  with  the  LO  phonons 
giving  rise  to  the  observation  of  a  L"*"  peak. 

2.  Experiment 

The  experiments  were  performed  on  LEG  grown,  semi-insulating  (Fe-doped  to  approximately  5  X  10'^ 
cm‘^)  InP  samples  supplied  by  Sumitomo.  We  used  the  528.7-nm  line  of  an  argon-ion  laser  as  excitation 
source  which  was  focused  onto  a  spot  area  of  about  5.3  X  10“^  cm^.  The  Raman  signal  was  analyzed 
using  a  T64000  Jobin-Yvon  spectrometer  equipped  with  a  charge-coupled  device  detector  cooled  with 
liquid  nitrogen.  The  triple-additive  configuration  of  the  spectrometer  was  used,  with  100-|a.  entrance 
slit,  which  gives  a  spectral  resolution  better  than  1  cm’’.  The  polarized  Raman  measurements  were 
performed  on  a  (001)  face  in  the  {Z\XY\Z)  configuration.  The  low-temperature  measurements  were 
performed  at  80  K  in  a  TBT  Air-Liquide  liquid  nitrogen  cryostat.  The  power  loss  through  the  optical 
window  of  the  cryostat  was  measured  and  taken  into  account  in  the  determination  of  the  incident  power 
on  the  sample. 
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Figure  2.  Lindhard-Mermin  iineshape  fit  (solid  line)  to  the  experimentai  Raman 
spectrum  (dots)  of  inP:Fe  measured  with  an  incident  iaser  power  of  15  mW  (a) 
at  room  temperature  and  (b)  at  80  K. 


3.  Results  and  discussion 

Figure  2  (a)  shows  the  Raman  spectra  measured  at  room  temperature  for  different  incident  laser  powers. 
A  strong  peak  at  346  cm“'  and  a  shoulder  at  344  cm“'  can  be  observed  in  the  room-temperamre  spectra 
taken  with  7  mW  shown  in  Fig.  2  (a).  With  increasing  incident  power,  the  dominant  peak  shifts  slightly 
to  higher  energies  and  broadens,  while  the  shoulder  is  observed  at  the  same  frequency  position,  and 
for  higher  incident  powers  becomes  resolved  as  a  peak  at  344  cm  '.  In  the  {Z\XY\Z)  configuration  the 
deformation-potential  mechanism  is  allowed  for  both  the  LO  and  the  LOPCM  modes  [7].  We  assign  the 
high-energy  dominant  peak  to  scattering  by  coupled  LO-photoexcited  electron-hole  plasma  modes.  The 
LO-L+  splitting  is  even  better  resolved  by  performing  the  measurements  at  80  K,  as  can  be  seen  in  Fig. 

2  (b) 

The  density  of  the  photoexcited  plasma  can  be  estimated  by  fitting  a  suitable  LOPCM  Iineshape  model 
to  the  experimental  data.  In  our  experimental  geometry,  only  deformation  potential  and  electro-optical 
mechanisms  contribute  to  Raman  scattering  [7].  The  corresponding  Raman  cross-sections  are  evalu¬ 
ated  using  the  fluctuation-dissipation  theory  of  Hon  and  Faust  [8]  and  expressed  in  terms  of  the  electric 
susceptibility  of  the  plasma,  which  includes  contributions  from  electron,  heavy-hole  and  light-hole  in- 
traband  transitions  as  well  as  heavy-hole— light-hole  interband  transitions.  The  intraband  contributions  to 
the  susceptibility  are  calculated  in  the  random  phase  approximation  including  collision-damping  correc¬ 
tions  using  the  Lindhard-Mermin  formalism  [9].  The  inter-valence-band  terms  are  evaluated  following 
Wan  and  Young  [10].  This  Iineshape  model,  which  contains  two  free  parameters,  the  photoexcited 
plasma  density  and  a  phenomenological  damping  constant,  was  fitted  to  the  experimental  spectra.  Figure 

3  shows  the  results  of  the  model  calculation  for  the  spectra  corresponding  to  a  power  density  excitation 
of  28  W  cm"^  (a)  at  room  temperature  and  (b)  at  80  K.  From  the  fit  we  estimate  the  electron-hole  den¬ 
sity  in  the  plasma  to  be  about  4  X  10‘«  cm-L  In  the  range  of  power  densities  studied,  the  photoexcited 
electron-hole  density  changes  only  by  about  1.5  X  10'®  cm"^.  This  is  due  to  the  presence  of  Fe  deep 
impurity  levels  [11]  which  are  very  effective  in  capturing  and  recombining  the  photoexcited  carriers  [5]. 
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4  Conclusions 

We  have  shown  that  LO-pIasmon  coupled  modes  are  observed  in  SI  InP:Fe  under  cw  laser  excitation 
even  at  low  incident-power  density.  High-resolution  measurements  are  necessary  to  resolve  the  LO  and 
the  L+  peaks,  thus  allowing  the  accurate  determination  of  the  LO  mode  energy.  A  lineshape  model 
based  on  the  Lindhard-Mermin  dielectric  function,  which  takes  into  account  the  intraband  electron, 
heavy-hole,  and  light-hole,  as  well  as  the  interband  heavy-hole-light-hole  transitions,  provides  a  good 
fit  to  the  measured  spectra.  From  fits  of  this  model  to  the  spectra  the  photoexcited  carrier  density  can  be 
determined. 
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Abstract.  The  photocqtacitanoe  measurements  under  constant  capacitance  condition  is  ^lied  to  n-  and hiP 
crystals  prepared  by  4h'^nnealing  at  700“C  under  controlled  pho^homs  vapor  pressure.  Samples  used  are  InP  bulk  crys¬ 
tals  grown  by  the  cortvenhonal  LEC  method  Vapor  pressure  corfflolled-zone  melting  grown  InP  and  LPE-grown  InP  are 

also  irrvesti^ted  The  phosphonrs  v^r  pressure  d^endence  of  the  deep  level  density  is  shown.  And  the  excitation  pho¬ 
tocapacitance  method  is  also  ^lied  to  show  the  precise  optical  transition  mechanism  of  these  deq)  levels.  From  these  re- 
suits,  the  defect  formation  mechanism  is  discussed  in  view  of  the  deviation  fiom  the  stoichiometric  cortptsition  of  btP. 


1.  Introduction 

The  most  important  fector  to  be  controlled  in  compounds  is  the  deviation  from  the  stoichiometric  composition[l]. 
Whaeas  InP  is  one  of  the  most  promising  semiconductor  material  for  the  application  of  ultra-fest  electronic  devices, 
opto-electronic  devices  and  so  on,  the  deviation  from  the  stoichiometric  composition  is  more  serious  compared 
with  Ga-As  based  compounds.  Many  reports  on  the  deep  levels  have  been  published[2].  However,  the  results  are 
fer  from  crucial  concluaon  of  the  effects  of  stoichiometry  on  the  defects  in  InP. 

In  this  paper,  the  photocapacitance  (PHCAP)  measuranents  under  constant  c^adtance  condition  is  applied  to 
various  n-  [3]and  p  -InP[4]  crystals  prepared  by  4h-annealing  at  700°C  under  controlled  phosphorus  vapor  pres¬ 
sure  followed  by  rapid  cooling.  Vapor  pressure  controHed-zone  melting  grown  InP  and  LPE-grown  InP  are  also 
investigated  by  PHCAP.  The  phosphorus  vapor  pressure  dependence  of  the  deep  level  density  is  shown.  And  the 
excitation  photocapachance  method  is  also  applied  to  show  the  predse  optical  transition  of  these  deep  levels. 

2.  Experiments 

Z1  San^tle  preparation 

The  starring  crystals  used  for  annealing  were  LEC  grown  n-and  jtz-InP.  Carrier  concentration  of  undoped  crystal  is 
1.2-1.5xl0'W^  and  that  of  Sn  doped  InP  is  2.2xl0‘®  cm’’.  Cartier  concentration  of/z-InP  doped  with  Zn  is  3xl0” 
cm'^.  InP  is  placed  in  one  end  of  a  dumbbell-type  quartz  ampoule  and  6N-red  phosphorus  in  the  other  end.  After 
sealing  in  vacuum,  heat  treatment  was  carried  out  at  700°C  for  4h  under  controlled  phosphoms  vapor  pressure. 
Phosphoras  vapor  pressure  at  the  phosphorus  zone,  Pp,  is  determined  from  the  temperature  of  red  phosphorus  [5]. 
The  phosphorus  vapor  pressure  at  the  crystal  zone,  P,  was  determined  from  the  firllowing  equatioa 
P=Pp(T/Tp)'^  (1) 

where  T  and  Tp  are  Ae  ten^ierature  of  InP  crystals  and  red  phosphor ,  respectively.  After  annealing,  the  ampoule 
was  r^idly  cooled  by  dipping  into  the  water  at  nominal  room  temperature. 

22  Photocapadtance  measurements 
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PHCAP  measurement  by  constant  capacitance  method  is  applied  at  77K  to  determine  the  level  densities  and  their 
energy  levels.  Metal-semiconductor  contact  diodes  were  made  by  Au-evaporation  as  a  barrier  metal.  Monochro¬ 
matic  light  was  fed  into  the  depletion  layer  of  the  sample  diodes.  Deep  levels  was  made  to  be  neutral  before  each 
light  irradiation.  For  this  purpose,  forward  bias  injection  was  carried  out  in  the  daric  before  each  light  irradiation. 
After  light  irradiation,  bias  voltage  (AVph)  changes  to  keq)  the  junction  capacitance  constant  according  to  the  ioni¬ 
zation  of  the  levels.  However,  the  depletion  layer  thickness  is  kept  constant  regardless  of  the  change  of  ion  density. 
The  change  of  ion  density,  ANt,  is  given  by  the  following  equation. 

AV,(,=(s/2C?)ANt  (2) 

where  C  is  the  constant  capacitance  of  the  sample  diode,  e  is  the  dielectric  constant  and  AV^  is  the  change  of  bias 
voltage.  Precise  description  of  the  PHCAP  will  be  referred  elsewhere[6]. 

3.  Results  and  Discussion 


3.1  n-typeLECInP  crystal 


Figure  1  shows  the  ion  density  PHCAP  spectrum  of  undoped  w-InP  crystal  before  annealing.  Vja*  is  attributed  to 
the  thermally  ionized  level  density  in  the  dark.  Net  ion  density  induced  by  the  light  inadiation  is  obtained  by 
AV^=V[*-Vdak,  where  V,*  is  the  bias  voltage  after  li^  irradiation.  In  Fig.  1,  it  is  shown  that  the  ion  density  shows 
gradual  increase  at  ~0.4eV  and  then  increase  at  0.63eV.  The  decrease  of  ion  density  at  0.74eV  is  induced  by  the 
noitralization  of  ionized  deep  level.  In  the  wavelength  region  ofO.9-l.leV,  another  ionization  is  observed  at  l.leV. 
In  case  of  undoped  w-InP,  almost  the  same  deep  levels  are  observed  even  after  4h-annealing  at  700°C. 

Figure  2  shows  the  change  of  deep  level  density  as  a  fimction  of  the  phosphorus  vapor  pressure.  It  is  shown  that  the 
Ec-0.63, 1 .  leV  and  0.74eV-+-Ev  level  density  deaeases  with  increasing  vapor  pressure  in  the  range  below  100  Torn. 
Then,  the  level  densities  inaease  when  the  vapor  pressure  exceeds  1000  Torr. 

Ion  density  PHCAP  spectrum  of  S-doped  M*  crystal  with  the  carrier  concentration  of  SxlO’^cm'^  does  not  show 
the  ionization  at  0.63eV  nor  the  narttalization  at  0.74eV.  Group  VI  impurity  S  will  occupy  the  P-sublattices. 
Therefore,  the  doped  impurity  S  will  also  reduce  the  Vp  concentration.  It  is  considered  that  these  deep  levels  are 
stoichiometry-dependent  and  are  related  most  possibly  with  at  least  the  Vp.  It  is  also  considered  that  the  annealing 
under  extremely  high  vapor  pressure  induces  non-equilibrium  defects  in  the  lattice.  Indeed,  in  the  case  of  GaAs,  it  is 
noticed  that  high-pressure  annealing  induces  not  only  the  irrterstitial  arsenic  atom-related  point  defects  but  structural 

defects  like  stacking 
faults  and  extended 
dislocations.  In  such 
highly  degraded  lat¬ 
tices,  it  is  considered 
that  both  the  excess 
phosphorus  composi¬ 
tion-related  defect  and 
the  vacancy-related 
defects  are  generated. 

0.4  0.6  0.8  1.0  1.2  1.4  10^  io’  io'  10^  Excitation  PHCAP 
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Fig.  I  Ion  density  PHCAP  spectrum  of 
intentionally-undoped  n-lnP  crystal  before 
annealing 


PHOSPHORUS  VAPOR 
PRESSURE  (Torr) 

Fig.2  Phosphorus  vapor  pressure  dependence  of  the 
deq>  level  density  in  intentionally-undoped  n-InP 
prc^rcd  by  4h-anncaling  at  TOO^C 


method  is  applied  to 
determine  the  precise 
energy  level  position  at 
40K.  Afta  1.40eV 
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light  inadiation,  the  ion  density  PHCAP  spectrum  was  measured  from  long  wavelengths.  It  is  shown  that  the  de- 
CTease  of  ion  density  is  induced  at  0.43  and  0.45eV.  This  decrease  of  ion  density  is  caused  by  the  naitralization  of 
ionized  deep  levels.  The  precise  optical  transition  of  deep  levels  in  «-InP  will  be  shown  later  with  those  in  />-InP.  In 
case  of  Sn-doped  «-InP,  the  ion  density  PHCAP  spectrum  shows  almost  no  ionized  levels  at  around  0.63eV.  How¬ 
ever,  after  4h-annea]ing  at  7(X)°C,  Ec-0.63eV  and  0.74eV+Ev  levels  are  induced.  The  v^r  pressure  dependence 
of  these  deep  levels  shows  gradual  decrease  in  the  range  of  6x10"*  ~  1x10  ’  Torr.  Above  1x10  *  Torr,  the  ion  densi¬ 
ties  shows  slight  inaease  with  inaeasing  vapor  pressure.  Under  the  ^plication  of  high  v^r  pressure,  Sn-doped 
«-InP  crystal  is  seriously  degraded  after  annexing  by  the  ciystallogr^hic  inspection. 

3.2 p-type  InPLEC  crystal  doped  with  Zn 


Figure  3  shows  the  ion  denaty  PHCAP  spectrum  of p-InP  crystals  prepared  by  4  h-annealing  at  700°C.  It  is  shown 
that  1.05  eV+Ev  level  is  detected  before  and  after  annealing.  In  addition,  the  deep  level  is  detected  at  0.74  eV 
above  the  valence  band  when  /i-InP  crystals  are  annealed  under  lower  v^r  pressure  of  1-100  Torn.  It  is  already 
shown  that  PHCAP  results  revealed  the  electron  culture  at  0.74eV  above  the  valence  band  even  in  undoped  n-InP 
crystals.  It  is  also  shown  that  the  0.74eV+Ev  level  density  in  «-InP  decreases  with  increase  of  vapor  pressure  in  the 
range  below  <100  Torr.  It  means  that  the  photoresponse  at  0.74  eV+  Ev  in  Zn-  doped  /vInP  corresponds  to  the 
electron  capture  at  0.74  eV  in  «-InP.  Therefore,  it  is  concluded  that  the  phosphorus  v^r  pressure  dependence  of 
the  0.74eV+Ev  level  density  shows  good  correspondence  between  n-  and  p-InP  crystals  respectively.  It  is  consid¬ 
ered  that  0.74eV+Ev  level  is  at  least  related  to  Vp.  1 .05  eV+  Ev  level  denaty  increases  monotonically  with  increase 
of  v^r  pressure.  In  view  of  vapor  pressure  dependence  and  the  eftect  of  impurity  doping,  1.05  eV  level  may  be 
due  to  defect-  impurity  complex  with  close  relation  to  ether  In  vacancy  or  P  interstitial. 

The  excitation  PHCAP  was  also  carried  out  to  1.05eV+Ev  level.  After  the  primary  light  irradiation,  ion  density 


PHCAP  spectrum  was  measured  repeatedly  from  the  long 
wavelength  by  changing  the  primary  excitation  light  wave- 
laigth.  After  1.08  eV  light  irradiation,  neitralization  is 
induced  at  0.51  eV  below  the  conduction  band.  From 
these  results,  schematic  drawing  of  the  optical  transition 


conduction  band 


PHOTON  ENERGY  (eV) 

Fig.3  Ion  density  PHCAP  spectra  of  intentionally  Zn 
doped  p-InP  prepared  by  4h-aimealing  at  700®C 


Fig.4  Schematic  drawings  of  the  optical  transition 
process  of  stoichiometry-dependent  deep  levels  in 
LEC-grown  InP  prepared  by  4h-annealmg  at  700°C 
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process  in  InP  is  shown  in 
Fig.4. 

3.3  Vapor  pressure  con¬ 
trolled  InP  crystal  growth 

The  v^r  pressure  control 
tedmology  has  been  exten- 
avdy  applied  to  the  liquid 
phase  qatacQf  OJ’E)  and  bulk 
crystal  growth  of  M*  by  the 
pressure  controlled  zone 
meWng  m^hod  Contrary  to 
the  conventional  method, 

LPE  growth  has  been  carried 

out  by  the  temperature  diffiraice  method  urxiercorrtrotled  vapor  pressure  (TDM-CVP)[7].Rgure  5  shows  the  ion  den¬ 
sity  PHCAP  qrectrum  of  LP&grown  InP  under  controlled  v^r  pressure.  As  shown  in  Flg.5,  almost  no  deqr  levd  is 
dpfpi-tpd  in  the  spectral  range  bdow  1 . 1  eV.  This  indicates  that  the  quality  LPE  InP  with  stoidiiometric  conqxrshion 

can  be  grown  ly  the  pressure  controlled  LPE  method. 

Figure  6  shows  the  ion  den^  PHCAP  spectrum  of  InP  bulk  oystal  by  the  pressure  controlled  zone  melting  method. 
From  our  previous  results,  it  has  been  shown  that  the  eiectrcm  concentration  shows  its  minimum  and  the  Hall  mobility 
shows  its  maximirm  urxler  a  ^redfic  pho^hotus  vapor  pressure  of~22.7  atm{8].  As  shown  in  Fig.6,  the  PHCAP  method 
revealed  deqr  donors  at  0.46,  0.86  and  l.leV  below  conduction  band  and  ~1.0eV  above  the  valence  band  reqtec- 
tivdy.  These  deep  levels  are  quite  difeent  from  those  observed  in  conventional  LEC  hiP  except  Ec-l.leV  leveJ.  hi  addi¬ 
tion,  the  level  denaly  is  extrerndy  low  conpaied  with  the  UEC  hiP.  Therefore,  vapor  pressure  control  technology  has  a 
possibility  to  obtain  high  quality  hiDc  crystals  with  stoichiometric  corrposition 


Fig.5  Ion  density  PHCAP  spectrum  of 
LPE-grown  n-type  InP  epitaxial  layer. 


Fig.6  Ton  density  PHCAP  spectrum  of  n-type 
InP  bulk  crystal  grown  by  the  vapor  pressure 
controlled  zone  melting  method. 


4.  Condudon 


PHCAP  measurements  revealed  stoidiiometiy-dspendeiit  deep  levds  at  Ec>0.63eV,  0.74eV+Ev,  Ec-1 .  leV  in  both  inten- 
tionalty-undoped  and  Sn  doped  «-type  InP ,  and  0.74eV-tEv  and  1.05eV+Ev  levds  have  been  revealed  in  ZrKloped/>- 
type  InP  te^iectivdy.  0.74eV+Ev  levd  was  detected  commcmly  in  both  w-and  />-type  hiP  when  annealed  under  Iowa- 
pho^horus  v^r  pressure.  From  the  results,  it  is  considered  to  Ec-0.63eV,  0.74eV+Ev  and  Ec-l.leV  levels  rdate  at 
least  with  Vp.  1 .05eV+Ev  levd  in />-InP  is  considered  to  be  related  with  excess  phoqihonrs  cortqiositioa  Vapor  pressure 
control  has  been  extensivdy  applied  to  the  LPE  and  bulk  crystal  growth  of  InP.  PHCAP  results  indicates  that  the 
quality  crystals  with  stoichiometiic  composition  will  be  obtained  by  the  vapor  pressure  control  during  oystal  growth. 
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Photoconduction  Studies  on  InGaAs  HEMTs 
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Abstract.  Photoconduction  measurements  made  on  Inj5jGa„j,As  channel  HEMTs  indicate  that  the  threshold  energy 
for  photoconduction  corresponds  to  the  bandgap  of  the  quantum  well  and  the  absoiption  edge  of  the  substrate.  Many 
interband  transitions  are  observed  which  can  be  correlated  with  the  electronic  subbands  of  the  quantum  well.  Strong 
confinement  of  photogenerated  holes  is  associated  with  a  large  modulation  of  the  HEMT  threshold  voltage. 


1.  Introduction 

Photoelectric  measurements  based  on  induced  photoluminescence,  (PL)  and  photoconductivity,  (PC)  are 
standard  techniques  used  for  the  evaluation  of  semiconductors.  PC  measurements  were  extended  by 
Schuermeyer  (1996)  to  include  GaAs-based  fully  fabricated  high  electron  mobility  transistors  (HEMTS). 
Such  measurements  are  considered  desirable  because  fundamental  material  properties  can  be  affected  by 
the  device  processing  procedures  and  the  electronic  properties  of  such  devices  depend  on  the  voltages 
applied  to  their  terminals.  PC  procedures  can  be  used  for  these  purposes  with  radiation  incident  on  the 
substrate  side  of  HEMTs  if  their  substrates  are  transparent  for  radiation  which  is  absorbed  in  their 
conductive  channel  quantum  wells. 

There  are  fundamental  differences  between  PL  and  PC  spectroscopic  techniques  applied  to  quantum 
confined  charge  carriers.  In  emission  spectroscopy  the  charge  carriers  relax  to  their  lowest  energy  states 
and  recombine  by  means  of  radiative  transitions;  their  spectral  response  consists  of  a  few  narrow  lines 
whose  width  is  broadened  by  their  thermal  distribution.  The  PC  spectral  response  is  not  affected  by  thermal 
broadening  provided  that  the  Fermi  levels  and  quasi-Fermi  levels  are  far  removed  from  the  electron  and  hole 
subbands;  this  occurs  in  deeply  depleted  HEMTs.  Therefore  more  transitions  can  be  resolved  by  means  of 
such  absorption  spectroscopic  measurements  (Tanaka  1996,  Kotera  1996)  than  by  means  of  photoemission 
measurements.  PC  measurements  can  even  be  made  at  room  temperature.  However,  their  absorption 
spectra  have  step-like  characteristics.  Differentiating  the  PC  response  versus  photon  energy  yields  spectral 
lines  at  the  risers  of  the  steps;  the  linewidths  of  the  spectra  indicate  the  quality  of  the  quantum  wells.  The 
PC  spectral  response  characteristics  provide  information  about  the  energy  profde  of  GaAs-based  HEMTs 
(Schuermeyer  1997)  and  indicate,  as  well,  that  the  photogenerated  charge  is  amplified  by  the  HEMTs  due 
to  hole  storage  in  the  channel.  These  holes  modify  the  HEMT  threshold  voltage  and  consequently  they  also 
affect  its  effective  drain  current. 

2.  Experiment  and  Interpretation 

Details  of  the  apparatus  used  for  the  on-wafer,  non-destructive,  PC  measurements  have  been  described 
previously  (Schuermeyer  1996).  Chopped  monochromatic  radiation,  obtained  from  a  SOW  tungsten/iodine 
source  incident  on  a  grating  monochromator,  is  applied  to  the  substrate  side  of  HEMT  by  means  of  an 
optical  fiber;  its  source,  gate  and  drain  contacts  were  shielded.  A  thermopile  and  a  Ge  detector  were  used 
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Figure  1  Photoconduction  spectra  of  InP-based  HEMT 


Figure  2  Photoconduction  spectrum  at  a  gate  voltage  Vg 
=  0V 


to  calibrate  the  energy  dependence  of  the  incident  radiation  intensity.  The  DC  as  well  as  the  AC  drain 
currents  induced  by  the  chopped  light  were  recorded  as  functions  of  the  photon  energy  and  gate  voltage. 

The  photon  energy  dependence  of  PC  spectra,  measured  at  room  temperature,  on  a  HEMT  with  an 
Ino53Gao47As  channel,  an  In  553  A1 048  As  barrier  layer,  and  a  0.25  pm  buffer,  grown  on  an  InP  substrate, 
(Goldman  1 996a)  is  shown  in  Figure  1 .  Each  of  the  3  curves  shown  here  has  a  threshold  energy  at  ~  1 .3  eV, 
consistent  with  the  InP  absorption  edge,  and  a  second  threshold  at  ~0.7eV  consistent  with  the  bandgap  of 
Ino53Gao47As.  The  strong  dependence  on  the  applied  gate  voltage,  V^,  similar  to  that  observed  on  GaAs- 
based  HEMTs,  is  attributed  to  amplification  of  photo-generated  charges  by  the  transistor.  Figure  2  shows 
the  structural  features  of  the  Vg=  0  curve,  between  its  two  thresholds.  The  spectra  observed  in  the  vicinity 
of  0.9  eV  are  produced  by  the  tungsten-iodine  light  source  rather  than  by  the  transistor.  Figure  3  shows 
the  energy  dependence  of  the  derivative  of  the  other  PC  signals  of  Figure  2;  a  well  developed  peak  at  -740 
meV  and  oscillations  at  higher  energies  with  an  interval  between  peaks  of  -55meV.  The  exact  location  and 
the  intensity  of  these  peaks  varied  slightly  from  device  to  device.  Figure  3  also  shows  the  consistency 
between  spectra  measured,  between  1  and  1.3  eV,  on  the  same  device,  under  the  same  conditions,  after  an 
elapsed  period  of  several  days.  These  spiectra  represent,  therefore,  the  PC  response  of  the  HEMTs  and  are 
not  random  noise. 

The  spectra  in  Figure  3  are  considered  to  represent  electronic  transitions  to  the  subbands  of  the  quantum 
well  channel.  The  relevant  energy  levels  of  these  subbands  were  calculated  by  means  of  procedures,  such 
as  described  by  Weisbuch  (1987,  p.  1 1),  assuming  a  quantum  well  width  of  50  nm,  an  effective  electron 
mass  ratio,  m7mo=0.041  and  a  heterobarrier  of  510  meV.  These  calculations  yielded  a  total  of  12  subbands 
whose  energies  with  respect  to  the  valence  band  maximum  are  indicated  in  Figure  4  by  triangles.  Figure 
4  also  shows  these  energy  levels  as  Gaussian  functions  of  equal  weight  with  a  standard  deviation  of  12  meV. 
The  calculations  effectively  simulate  the  experimentally  obtained  data.  Above  leV  we  observe  4  bands 
which  appear  evenly  spaced  by  ~65meV  in  good  agreement  with  experiment.  At  lower  energies  the 
subbands  are  closely  spaced  and  cannot  be  resolved  as  discrete  levels.  However,  their  overlap  produces 
an  increase  in  the  resultant  signal,  similar  to  those  observed  experimentally.  We  have  considered  possible 
alternative  explanations  for  the  oscillatory  PC  signals  above  leV  such  as  might  be  caused  by  interference 
effects.  We  reject  this  assumption  because  the  separation  between-  peaks  suggests  a  fundamental 
wavelength  of  25pm,  in  vacuum,  and  7  pm,  in  the  semiconductor,  assuming  its  index  of  refraction  to  be 
n=3.5. 
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Figure  3  Derivative  of  photoconduction  spectrum  shown 
in  Figure  2.  The  two  spectra  indicate  reproducibility  of 
minor  details. 


Energy  [eV] 


Figure  4  Display  of  theoretically  derived  electron 
subbands 


Figure  5  shows  the  photocurrent  Ip,  transconductance  of  the  HEMT,  and  the  threshold  shift  dependence 
on  the  gate  voltage,  measured  with  a  drain  voltage,  =  20mV  for  an  incident  photon  energy  of  SOOmeV . 
The  data  shown  in  Figure  5  are  similar  to  those  obtained  on  GaAs-based  HEMTs  and  are  attributed  to  the 
amplification  of  the  photogenerated  charge  by  the  transistor.  The  modulation  of  the  threshold  voltage 
(Schuermeyer  1997)  shown  here  indicates  excellent  hole  confinement  in  the  channel;  the  range  is 
considerably  greater  than  that  observed  in  GaAs-based  devices,  limited  between  5  an  10  mV  and  remaining 
constant  in  the  depletion  range. 

We  have  made  similar  PC  measurements  on  an  In(,5jGao47As/  htp  jj  Alo,48  As  HEMT,  made  of  a 
heterostructure,  grown  by  MBE,  on  a  GaAs  substrate  with  a  compositionally  step-  graded  In,Gai.,As  buffer 
(Cheskis  1996).  In  order  to  inhibit  the  generation  and  the  propagation  of  lattice  defects  generated  by  the 
lattice  mismatch  between  the  substrate  and  the  HEMT  we  use  a  compositionally  step-graded  In^^Gai.^^As 
buffer  (Goldman  et  al.  1996a)  between  the  substrate  and  the  Ino,53Gap47As  channel. 

Each  one  of  5  buffer  steps  is  -200  nm-thick  and  the  In  concentration  increases  from  the  substrate  by 
-10%,  per  step.  The  PC  response  vs  photon  energy  of  this  specimen,  shown  in  Figure  6,  indicates  a 
threshold  at  -1.4  eV  consistent  with  the  GaAs  absorption  edge  while  the  other  threshold  at  -0.7eV 


Vg[V] 


Figure  5  Transconduction,  photocurrent  and  modulation 
of  threshold  voltage 


Figure  6  Photoconduction  spectrum  of  a  GaAs-based 
HEMT 
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Table  I 


HEMT 

on 

n/cm^ 

(300K) 

M 

cmWs 

(300K) 

n/cm^ 

(1.6K) 

cmWs 

(1.6K) 

®dss 

(mA/mm) 

(300K) 

gm 

(mS/mm) 

(300K) 

f. 

(GHz) 

(300K) 

InP-based 

substrate 

1.4x10'- 

13,600 

1.4x10'^ 

102,000 

200 

240 

19 

GaAs-based 

substrate 

2.7x10'^ 

12,600 

2.5x10'^ 

64,000 

520 

300 

20 

corresponds  to  that  of  the  In(,53Gao47As  channel.  From  the  derivative  of  the  PC  spectra  measured  for  Vg= 
-1.6V  we  find  a  single  transition  peak  at  ~0.75eV  in  contrast  to  the  closely  spaced  transitions  associated 
with  the  peak  of  the  InP-based  HEMTS.  Furthermore,  at  higher  energies  the  spacing  between  the  peaks 
is  ~200meV.  These  results  may  be  due  to  a  much  narrower  quantum  well  with  fewer  electronic  subbands 
in  the  GtiAs-based  device  than  in  the  InP-based  device.  The  effects  of  the  absorption  in  the  buffer  layer  on 
the  PC  spectrum  have  not  been  evaluated,  as  yet.  The  charge  transport  properties  of  the  heterostructures 
used  to  fabricate  the  HEMTs  are  shown  in  Table  I.  A  nearly  complete  strain  relaxation  in  the  buffer  is 
required  (Goldman  et  al.  1996b)  to  provide  a  room  temperature  electron  mobility  of  the  GaAs-based 
HEMT  comparable  to  that  of  the  lattice  matched  InP-based  HEMT.  However,  in  the  cryogenic  regime 
(1.6  K),  the  former  has  only  half  the  electron  mobility  of  the  latter,attributed  to  a  high  density  of  occupied 
ionized  acceptor  centers  associated  with  dislocations  present  in  the  quantum  well. 

The  room  temperature  saturated  drain  current,  Ij^^,  the  transconductance,  and  the  gain-bandwidth 
product,  f,,  of  the  identical  configuration  1.0  x  50  pm^  HEMTs  are  also  shown  in  Table  I  (Cheskis  1995). 
The  larger  g„  is,  obviously,  associated  with  the  higher  n^  of  the  GaAs-based  sample  although  the  f,  values 
are  nearly  the  same,  probably  because  the  electron  velocity  in  the  Ino53Gao47As  channel  is  nearly  the  same 
in  both  transistor  types. 

3.  Conclusions 

The  photoconductive  responses  of  representative  Ino53Gao47As/  In^  52 Alp  4, As  HEMTs  grown  on  InP  and 
on  GaAs  substrates  were  evaluated  at  room  temperature  within  the  spectral  range  delimited  by  the 
absorption  edges  of  their  substrates  and  their  conductive  channels.  The  calculated  spectral  response  is  in 
good  agreement  with  the  experimentally  measured  transitions  to  the  subbands  of  their  quantum  wells  and 
the  fundamental  interband  transition  (el-hhl)  energy  is  the  same  in  both  transistor  types. 
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Abstract.  Hydrogenation  effects  on  electrical  properties  of  n-type  and  undoped  InGaP  epi  layers  lattice 
matched  to  GaAs  was  investigated.  It  was  found  that  the  hydrogenation  under  a  proper  condition  can  be 
resulted  in  a  Au/n-InGaP  Schottky  diode  with  a  good  rectifying  characteristics  as  well  as  an  effective  defect 
passivation.  These  improvement  were  thought  to  be  resulted  from  the  atomic  hydrogen  diffused  into  InGaP 
neutralized  Si  donor  and  passivated  recombination  centers  near  the  surface. 


1.  Introduction 

InGaP  lattice  matched  to  GaAs  is  an  attractive  alternative  to  AlGaAs  in  optoelectric  devices.  Due  to 
many  useful  properties  such  as  its  wide  band  gap,  low  concentration  of  deep  traps  and  large  valence 
band  discontinuty,  this  material  system  appears  to  have  good  potential  to  applications  for  laser 
diodes[l,2],  field  effect  transistor[3],  and  heterojunction  bipolar  transistors[4]. 

Hydrogen  can  be  introduce  into  semiconductors  during  the  device  process  such  as  chemical  vapor 
deposition(CVD),  thermal  annealing,  exposure  to  a  hydrogen  containing  plasma,  and  wet  etching 
process.  In  many  cases,  its  incorporation  into  crystalline  semiconductors  is  unintentional,  and  can 
cause  changes  in  the  electrically  active  dopant  profile  in  the  near  surface  region.  Since  atomic 
hydrogen  in  semiconductors  results  in  electrical  passivation  of  impurity  states,  deep  levels  as  well  as 
unreconstructed  surface  dangling  bonds,  the  hydrogen  incorporation  in  crystalline  semiconductors  has 
attracted  considerable  interest. 

In  this  paper,  hydrogenation  effect  on  electrical  properties  of  Si  doped  n-type  and  undoped  InGaP 
epi  layers  grown  on  GaAs  was  investigated.  It  was  found  that  the  hydrogenation  under  a  proper 
condition  can  be  resulted  in  a  Au/n-InGaP  Schottky  diode  with  a  good  rectifying  characteristics  as  well 
as  an  effective  defect  passivation. 

2.  Experiments 

Undoped  and  Si-doped  n-type  Ino.4sGao.52P  epilayers  were  grown  on  2-in.-diam  semi-insulating 
(lOO)GaAs  substrates  by  molecular  beam  epitaxy  (MBE)  using  a  special  phosphorus  solid  source  with  a 
fast  acting  valve  and  a  cracking  section(Riber  KPC  250).  The  P2  beam  equivalent  pressure(BEP) 
used  in  this  work  were  typically  about  6.5  x  10’^  Torr.  The  growth  rate  of  InGaP  was  0.8  pm/h. 
The  room  temperature  electron  concentrations  in  the  n-type  sample  was  about  8x10'*  cm'^ .  In  order 
to  investigate  the  hydrogenation  effect,  two  type  specimens  were  prepared  by  CVD-processed  .  One 
deposited  Si02  film  by  plasma  enhanced  chemical  vapor  deposition  (PECVD)  using  at  a  substrate 
temperature  200  °C.  The  PECVD  was  performed  with  a  power  of  0.33  W/cm^  The  film  thickness 
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was  100  nm  and  deposition  rate  was  20  nm/min.  The  other  type  of  sample  was  prepared  at  200  °C  by 
the  hydrogen  plasma  exposure(HPE)  in  remote  plasma  chemical  vapor  deposition(RPCVD)  system. 
The  hydrogen  pressure  during  the  exposure  was  5  mTorr  and  the  substrate  temperature  was  sustained 
by  IR  lamps. 

Au  Schottky  diodes  with  a  diameter  of  0.5  mm  were  prepared  using  a  thermal  evaporator.  The 
active  carrier  concentration,  its  profile  vs.  junction  depth  and  current  density  were  obtained  using  an  1 
MHz  capacitance-voltage  and  current-voltage  measurement  system  controlled  by  a  microcomputer. 
Also,  the  characteristics  of  deep  levels  existing  in  the  active  layer  were  studied  by  optical  deep  level 
transient  spectroscopy(ODLTS). 


3.  Results  and  discussion 

Figure  1  shows  the  reverse  biased  I-V  curves  of  Au/n-InGaP  Schottky  diodes  before  and  after  hydrogen 
plasma  exposure  in  CVD  at  200  G.  As  shown  in  this  figure,  the  leakage  current  in  the  Schottky 
diode  hydrogenated  at  200  °C  for  2  h  decreased  from  10'^  A/cm^  to  10’’  A/cm^  at  -  3  V,  and  the 
breakdown  voltage  was  increased  to  above  30  V,  while  in  the  untreated  Schottky  diode  those  were 
about  lO"*  A/cm^  and  -  4  V,  respectively.  Here,  the  breakdown  voltage  was  defined  as  the  voltage 
when  the  leakage  current  density  reached  1  x  lO"^  A/cm^  under  reverse  bias.  As  can  be  seen  in  this 
figure,  in  the  CVD  processed-diode  which  was  fabricated  after  removed  of  the  passivated  Si02,  the 
leakage  current  was  five  times  lower  and  the  breakdown  voltage  was  20  %  higher  than  those  of  the 
untreated  diodes.  These  improvement  in  the  rectifying  characteristics  were  thought  to  be  due  to 
hydrogen  atoms  diffusing  during  the  CVD  process. 

Figure  2  was  the  forward  biased  I-V  characteristics  for  the  Schottky  diodes.  In  the  forward 
characteristics,  the  ideal  factors  (n)  of  the  untreated  and  the  CVD-processed  samples  were  about  1 .05 
and  that  of  the  hydrogenated  specimen  was  1.15.  The  saturation  current  of  the  hydrogenated  sample 
increased  two  orders  of  magnitude  compared  to  the  untreated  and  the  CVD-processed  diodes.  As  a 
hydrogenation  result,  we  found  that  hydrogenation  under  a  proper  condition  can  result  in  good 
rectifying  characteristics  of  a  Au/n-InGaP  Schottky  diode.  The  increase  in  breakdown  voltage  and  the 
decrease  in  leakage  current  of  the  hydrogenated  diode  were  resulted  from  the  increase  in  Schottky 
diode  barrier  height  during  hydrogenation.  In  other  words,  the  atomic  hydrogen  diffused  into  InGaP 
during  HPE  neutralized  Si  donors  as  well  as  deep  levels  near  the  surface.  Thereby  giving  rise  to  the 
increase  in  effective  barrier  height  and  the  decrease  in  recombination  centers.  To  confirm  the 
hydrogen  incorporation  to  Si  donors,  high  frequency  C-V  (1  MHz)  measurements  were  performed.  In 
the  as-  grown  sample,  the  donor  carrier  concentration  was  about  8.0  x  10"’  cm■^  In  the  CVD- 
processed  sample,  the  concentration  was  lower  by  4.5  x  10'^  cm"’  at  2200  A.  In  the  hydrogenated 
sample  at  200  °C  for  2  h,  the  concentration  was  five  times  lower  than  that  of  the  as-grown  sample. 
This  indicated  that  the  CVD-processed  samples  could  contain  the  hydrogen  atoms  near  the  surface  and 

the  diffused  hydrogen  during  the  CVD  process  can  passivated  the  electrical  activity  of  Si-donor  in 
InGaP. 
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Fig.  1  The  reverse  biased  1-V  characteristics  of  the  Schottky 
diodes  made  by  Au  contacts  on  as-grown,  CVD  processed, 
and  hydrogenated  n-type  InGaP. 
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Fig.  2  The  forward  biased  I-V  characteristics  of  the 
Schottky  diodes  made  by  Au  contacts  on  as-grown, 
CVD  processed,  and  hydrogenated  n-type  InGaP. 


In  order  to  investigate  deep  levels  in  the  hydrogenated  InGaP,  ODLTS  measurements  were 
performed.  The  rate  window  of  the  spectra  was  fixed  to  18.48  s’'.  The  InGaP  samples  were  heat- 
treated  at  350  °C  for  5  min  in  N2  ambient  after  metallization.  Figure  3  shows  the  changes  of  deep 
levels  by  the  hydrogen  plasma  exposure  at  200  °C  for  undoped  InGaP.  In  the  pre-hydrogenated 
sample,  four  deep  levels,  denoted  as  PI,  P2,  P3,  and  P4,  respectively  were  observed.  By  using  the 
DLTS  signal  analysis  method,  it  was  confirmed  that  the  four  signals  represented  deep  level  defects 
located  at  0.25  eV,  0.3 1  eV,  0.43  eV,  and  0.62  eV  from  a  conduction  band  edge.  The  concentration  of 
PI  and  P2  in  undoped  InGaP  decreased  with  increasing  P2  BEP,  suggesting  that  these  traps  may  be 
associated  with  the  crystal  defects  in  the  P  deficient  lattice  sites  such  as  the  phosphorus  vacancies(Vp). 
Also,  the  origin  of  P3  and  P4  signals  were  attributed  to  phosphorus  vacancies  Vp  and/or  a  transformed 
defect  from  Vp  such  as  a  Gap  or  Inp  antisite[5].  After  hydrogenation  at  200  °C  for  2  h,  the  relative 
intensities  of  all  traps  decreased  in  about  10  times  and  only  two  signals  corresponding  to  P3  and  P4 
traps  around  180  K  and  280  K  remained  as  main  defects. 

Figure  4  shows  the  behavior  of  deep  levels  for  hydrogenated  n-type  InGaP.  Like  the  undoped 
sample,  the  three  deep  levels,  PI,  P2,  and  P3,  after  hydrogenation,  decreased  rapidly.  After 
hydrogenation,  the  decrease  of  deep  level  defects  was  believed  to  be  due  to  the  neutralization  of  their 
active  states  related  to  the  phosphorus  vacancies  by  the  atomic  hydrogen.  Since  vacancy  defects 
always  have  dangling  bonds,  they  can  easily  bond  together  with  hydrogen  atoms[6].  In  generally,  the 
hydrogen  atom  can  effectively  passivates  vacancy  defects.  This  indicated  that  electron  traps  in  InGaP 
have  been  formed  due  to  complexes  of  vacancies  and  other  impurities. 
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Fig.  3  ODLTS  measurements  on  undoped  InGaP 
as-grown  (a)  and  hydrogenated  (b)  samples. 


Fig.  4  ODLTS  measurements  on  Si  doped  as-grown  (a) 
and  hydrogenated  (b)  n-type  InGaP. 


4.  Conclusion 

The  increase  in  break  down  voltage  and  the  decrease  in  leakage  current  in  the  hydrogenated  diode  are 
thought  to  be  resulted  from  the  increase  of  the  diode  barrier  height  during  hydrogenation.  That  is,  the 
atomic  hydrogen  diffused  into  InGaP  by  HPE  neutralizes  Si  donor  as  well  as  deep  levels  near  the 
surface,  giving  a  rise  to  the  increase  of  the  effective  barrier  height  and  the  decrease  of  recombination 
centers. 
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Abstract:  InGaAs  layers  were  grown  on  InP  substrates  by  MOCVD  using  CBra  sources  and  3  x  10  cm'^  doping 
was  achieved  upon  annealing  and  de-passivation  from  hydrogen.  The  impact  of  annealing  was  investigated  by 
FTIR,  SIMS  and  Hall  measurements.  The  results  show  the  presence  of  the  H  -  (Ca,  )i  complex  and  a  loss  of 
hydrogen  upon  annealing  which  is  estimated  to  be  -33%  by  FTIR  and  -50%  by  SIMS.  These  results  are  consistent 
considering  the  fact  that  FTIR  refers  only  to  C-H  bonds.  In  and  As  variations  near  the  surface  and  some  carbon 
concentration  variation  upon  annealing  is  also  reported. 


I.  Introduction 

Heavily  doped  p-type  InjGai.xAs  (x  =  0.53)  is  very  attractive  for  electronic  and  optoelectronic 
applications  such  as.  Heterojunction  Bipolar  Transistors  (HBTs),  heterojunction  lasers  and  p-i-n  diodes.  Carbon 
doping  offers  a  valuable  alternative  to  traditionally  used  group  11  elements,  such  as  Zn  and  Be  due  to  its  low 
diffusivity  and  high  degree  of  incorporation.  Most  of  the  work  to  date  has  been  carried  out  by  growth 
techniques  other  than  Metalorganic  Chemical  Vapor  Phase  Epitaxy  (MOCVD).  Results  presented  so  far  using 
MOCVD  employed  primarily  CCI4  as  carbon  source  [1]  and  demonstrated  some  limitations  imposed  by  the 
presence  of  large  amounts  of  hydrogen  which  reduce  carbon  incorporation  and  passivate  the  incorporated 
atoms.  Annealing  appears  to  be  in  certain  cases  necessary  in  order  to  activate  the  incorporated  acceptor  atoms 
and  obtain  a  high  level  of  p-doping.  Little  is  known  on  the  hydrogen  passivation  process  and  the  characteristics 
of  such  layers.  We  report  the  growth  of  C-lno  ssGao^yAs  by  MOCVD,  using  CBr4  rather  than  CCI4  as  carbon 
source  and  analyze  its  characteristics  using  Fourier  Transform  Infrared  Spectroscopy  (FTIR),  Secondary  Ion 
Mass  Spectrometry  (SIMS)  and  Raman  spectroscopy. 

II.  Basic  considerations  of  C-incorporation  in  III-Vs 

Extensive  reports  have  been  made  on  C-GaAs  and  its  passivation  with  hydrogen  [2][3]  but  much  less 
has  been  reported  on  its  ternary  compounds  [4].  Studies  of  these  materials  by  infrared  and  Raman  Spectroscopy 
have  revealed  Localized  Vibrational  Modes  (LVM)  of  (C  -  H)  pairs  and  carbon  isolated  acceptors.  Carbon 
acceptors  in  InGaAs  can  manifest  five  different  cluster  configurations,  depending  on  the  number  of  In  Nearest 
Neighbors  (NN),  Cas  Ga4,  CAsInGa3,  CAsIn2Ga2,  CAsInsGa,  and  CIn4,  with  Tj ,  C3V,  C2V  .  C3V,  and  T^  symmetry. 

The  introduction  of  Hydrogen  passivates  the  carbon  acceptors  and  form  a  C-H  complex,  with  hydrogen 
occupying  the  bond  centered  site,  between  the  carbon  and  one  of  its  NN  atoms.  High  resolution  IR  and  Raman 
spectra  of  GaAs  at  He  liquid  temperature  (HeLT)  revealed  the  presence  of  a  high  frequency  stretch  mode  at 
2635  cm''  which  was  assigned  to  a  C-H  complex  [4][5].  Moreover,  the  frequencies  2635,  2626,2617,  2608  and 
2558  cm''  were  observed  in  Al^Gai.^As  with  0<  x  <  1  [6].  These  lines  provided  information  on  the  A1  (NN) 

complex  with  zero,  one  ,  two  or  three  A1  (NN).  The  2635  cm''  line  has  also  been  observed  in  InGaAs  for  x  < 
0.1  [7]  .  The  difference  in  line  number  appears  to  depend  on  the  technique  and  parameters  used  for  growth.  A 
2688  cm''  line  has  also  been  observed  at  (HeLT),  in  GaAs  and  AlGaAs  [8][9].  Extensive  work  on  this  line, 
concluded  that  it  is  due  to  the  formation  of  an  aligned  carbon  -  hydrogen  complex  [H-  (CasIzI  involving  two 
carbon  atoms  aligned  in  the  [110]  direction,  when  the  growth  direction  is  [100].  Moreover,  some  of  these 
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complexes  but  not  necesstirily  all,  incorporate  at  least  one  hydrogen  and  the  di-carbon  split  interstitial  appears 
to  act  as  a  donor  [9].  Dissociation  and  defect  cluster  formation  combined  with  eventual  presence  of  interstitial  C 
and  deep  donor  presence  can  consequently  impact  the  performance  of  devices  such  as  HBTs.  It  is  therefore 
important  to  understand  the  local  structure  of  Cy\s  in  InGaAs  before  and  after  annealing. 

We  report  a  similar  investigation  on  the  local  structure  of  C  acceptors  in  InxGaj.x  As  with  x  =  0.53. 
SIMS,  Raman,  FTIR  and  Hall  measurements  were  performed  for  this  purpose.  Annealing  led  to  de-passivation 
of  the  carbon  acceptors  and  its  impact  has  also  been  investigated.  The  results  show  the  presence  of  the  di-carbon 
defect  [  H-  (Cas)2  1  aligned  in  the  plane  perpendicular  to  the  (100)  growth  axis. 

III.  MOCVD  Growth  Study  of  C-  Ino.s3Gao.47A$  using  CCI4  and  CBr4  Sources 

The  investigated  C-InGaAs  layer  was  2.5  (im  thick  and  was  grown  directly  on  Fe-doped  SI  InP  (100) 
substrate,  using  our  EMCORE  LP-MOCVD  system  [1] .  TMIn,  TMGa  and  100%  ASH3  were  used  for  group  III 
and  group  V  elements  respectively.  The  V/III  ratio  was  5  to  20.  Studies  of  the  CBr4  source  efficiency  as  a 
function  of  growth  temperature  showed  a  much  smaller  sensitivity  of  indium  incorporation  efficiency  to 
temperature  compared  with  growth  in  the  presence  of  CCI4.  Since  the  incorporation  of  both  H  and  C  increases 
as  the  growth  temperature  decreases,  the  latter  was  set  to  450°C  which  is  a  good  trade-off  for  reduced  H 
incorporation  and  maximum  doping. 

The  maximum  doping  level  achieved  with  the  above  described  approach  was  7  x  10*®  cm"^  and  3  x 
10*®  cm'3  for  CCI4  and  CBr4  sources  respectively.  Studies  of  the  mobility  vs.  hole  concentration  characteristics 
for  InGaAs  grown  using  the  above  two  sources  showed  similar  values  as  those  obtained  using  other  growth 
techniques  such  as  MBE  and  Gas-Source  MBE.  SIMS  and  Hall  analysis  suggested  that  the  Hydrogen  reduction 
taking  place  upon  annealing  is  smaller  than  the  occurring  increase  of  p-doping.  A  possible  explanation  for  this 
is  the  presence  of  an  additional  mechanism  related  to  carbon  displacement  from  group  III  to  group  V  site  [1]. 
The  investigated  samples  consisted  of  "as-grown"  InGaAs,  annealed  InGaAs  and  a  reference  InP  substrate. 

rv.  Fourier  Transform  Infrared  Spectroscopy  Characteristics  of  C-Ino.s3Gao.47As 

FTIR  measurements  were  performed  at  room  temperature,  using  a  Nicolet  800  FTIR  spectrometer  at  4 
cm  *  resolution  in  the  400  -  4000  cm  *  range.  Tests  took  place  with  and  without  polarizer,  at  different  angles  of 
incidence,  in  the  transmission  and  reflection  modes,  before  and  after  annealing  of  the  sample.  The  absorption 
spectra  of  the  InGaAs  are  shown  in  Fig.l  and  reveal  a  wide  peak  centered  at  2666  cm'*.  Taking  into  account  the 
difference  in  frequency  between  (HeLT)  and  room  temperature  spectra,  this  peak  is  to  be  compared  with  the 
2688  cm’*  line  observed  in  GaAs  and  AlGaAs.  The  latter  suggests  that  the  observed  peak  may  be  assigned  to  a  [ 
H-  (Cas)2  ]  complex  as  previously  reported  for  GaAs. 
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Fig.  1  FTIR  spectra 
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Annealing  at  600°C  in  an  inert  atmosphere  for  10  secs,  led  to  a  decrease  in  the  intensity  of  the  2666 

cm'‘  peak.  The  integrated  absorbances  for  both  spectra  before  and  after  annealing  (  Al=  0.0921  cm  ,  A2  = 
0.0612  ),  show  that  33%  of  the  complex  centers  dissociate  upon  annealing.  Assuming  that  the  carrier 
concentration  increase  upon  annealing  is  solely  related  to  dissociation  of  C-H  complexes,  this  suggests  that  50% 
of  the  passivated  carbon  atoms  could  be  freed  upon  annealing. 

Study  of  the  isolated  carbon  (C  -  Ga)  or  (C  -  In)  bond  in  the  low  energy  range  turned  out  to  be  difficult 
due  to  the  apparent  Fe  segregation  and  diffusion  in  the  InP  substrate  taking  place  at  the  process  temperature 
and  upon  annealing  [9].  Nevertheless,  in  the  narrow  window,  between  515  and  600  cm'  ,  where  the  InP 
muliphonons  and  Fe  impurities  contributions  are  absent,  a  very  weak  peak  was  observed  at  545  cm  .  The  nature 
of  this  line  can  be  better  understood  by  consideration  of  the  lines  associated  with  the  isolated  carbon  (C-Ga) 
bond  and  observed  in  C-GaAs  and  C-AlGaAs  between  500  and  600  cm"'.  By  analogy  to  the  correlation  reported 
between  the  576  cm"'  and  2688  cm'‘  lines  in  GaAs  [10],  it  is  suggested  that  the  545  cm''  is  likely  to  be 
correlated  to  the  2666  cm''line  observed  in  our  InGaAs  samples. 


V.  Hall  and  SIMS  Characterization  of  C-  In(),53Ga«.47As 

Hall  measurements  showed  a  strong  increase  in  carrier  concentration  after  annealing  with  a  doping 
increase  from  2.0  x  lo'*  cm'^  to  6.9  x  lo'®  cm'^,  while  the  mobility  remained  almost  constant  showing  a  small 
variation  from  60  to  63  cm^A^s.  This  suggests  the  presence  of  a  hydrogen  passivation  mechanism  which  is 
purely  associated  with  a  neutralization  effect  (partially  neutralized  [H  -  (Cas)2]  complexes). 

SIMS  depth  profiles  made  it  possible  to  obtain  information  on  the  concentration  of  the  different 
elements  present  in  the  InGaAs  layer.  SIMS  measurements  were  performed  with  a  Cameca  -  IMS  4f  apparatus, 
with  oxygen  as  primary  beam.  The  samples  (before  and  after  annealing),  were  introduced  together,  and 
measured  simultaneously,  after  24  hours  degassing,  in  order  to  overcome  the  interference  from  residual 
hydrogen  in  the  chamber,  and  ensure  the  use  of  same  parameters  and  conditions  for  the  evaluating  the  sample 
profile.  Typical  results  are  shown  in  Fig.2  and  demonstrate  a  variation  in  the  concentration  of  In  and  As  over 
the  top  one  micron  of  the  layer.  The  layer  appears  in  this  region  as  «In  rich»  and  «As  poor»  and  the  results 
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Fig.  2  SIMS  characteristics  of  C-InGaAs  after  annealing  Fig.  3  Raman  spectrum  of  C-InGaAs  upon  annealing 


Hydrogen  depth  profiles  of  the  samples  before  and  after  annealing  showed  a  50%  decrease  in 
hydrogenconcentration  (proportional  to  the  ionic  current)  upon  annealing.  This  agrees  with  the  above  reported 
FTIR  results  which  predicted  a  smaller  decrease  of  33%  as  expected  in  such  a  measurement  which  is  solely 
related  to  changes  in  C-H  bonds.  The  remaining  elements  except  carbon,  appeared  to  remain  stable  upon 
annealing. 
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Care  was  taken  to  ensure  very  stable  and  reliable  conditions  for  SIMS  measurements.  As  explained 
earlier,  samples  were  characterized  simultaneously  before  and  after  annealing  and  degassing  took  place  over 
extended  periods  of  time.  The  observed  20%  carbon  loss  in  C-InGaAs  upon  annealing  (on  a  linear  scale)  is 
higher  than  the  5  to  10%  uncertainty  of  the  SIMS  measurement.  There  is  consequently  at  least  10%  of  carbon 
concentration  change,  possibly  by  outdiffusion  [11].  Moreover,  the  decrease  in  Carbon  concentration  upon 
annealing  is  linear,  showing  a  maximum  variation  of  -10%  at  the  top  of  the  layer  and  almost  zero  variation  near 
the  InGaAs/InP  substrate  interface. 

VI.  Raman  Spectroscopy  of  C-  Ino.53Gao.47As 

Raman  measurements  have  been  performed  at  room  temperature  with  a  Dilor  spectrometer  using  the 
514.5  nm  Argon  laser  line  at  2  cm  *  resolution.  Fig.  3  shows  the  Raman  spectrum  of  the  InGaAs  layer  before 
annealing.  InGaAs  is  expected  to  manifest  two  modes  behavior  in  Raman  spectra.  The  observed  pe^s  at  267, 
244,  217  and  190  cm  *  are,  however,  very  wide  and  convoluted  to  be  analyzed  precisely.  Moreover,  the  C-H 
peak  which  is  expected  at  2666  cm  *  due  to  the  strectch  mode  of  H  -  (Cas)2  pairs  complexes  is  absent.  Only 
phonons  bands  are  visible,  as  well  as,  a  peak  at  244  cm  *  which  has  been  attributed  to  disorder  alloy  and 
becomes  narrower  after  annealing.  The  presence  of  an  InAs  peak  at  217  cm'* ,  suggests  a  lack  of  stoichiometry 
i.e.  In  rich  conditions  and  is  in  agreement  with  the  previously  discussed  SIMS  results. 

Finally,  the  very  wide  peak  at  190  cm'  is  not  an  InGaAs  phonon  band.  This  peak  could  be  attributed  to 
an  ALAs  disorder  induced  scattering  activated  mode  [12].  SIMS  spectra  obtained  after  this  observation 
confirmed  the  presence  of  very  low  concentration  of  A1  in  the  InGaAs  layer  and  support  this  hypothesis. 

VII.  Conclusion 

C-doped  InGaAs  was  grown  by  MOCVD  on  InP  (100)  substrates  using  a  CBr4  source  and  doping  levels 
of  3  X  10'5  cm'3  have  been  achieved.  The  presence  of  an  aligned  [H  -  (Cas  )2]  complex  is  evidenced  at  the 
growth  surface  of  C-  In,  Gaj.^As  layers  for  x=0.53  by  FITR  measurements.  Further  evidence  of  the  passivation 
mechanism  taking  place  by  hydrogen  incorporation  in  the  layer  is  expected  by  performing  liquid  Helium 
temperature  IR  measurements,  with  higher  resolution,  in  order  to  resolve  the  observed  peak. 

SIMS  measurements  provided  information  on  the  total  loss  of  hydrogen  which  occurs  in  the  layer  upon 
annealing.  They  have  also  revealed  a  variation  of  In  and  As  concentration  near  the  surface  and  a  change  of  C- 
concentration  upon  annealing.  Raman  characterization  suggested  some  lack  of  stoichiometry  and  the  presence 
of  AlAs  induced  scattering.  The  evolution  of  hydrogen  content  is  obviously  related  to  the  annealing  temperature 
and  thermal  budget  used.  Further  studies  along  these  lines  would  yield  optimum  conditions  for  carbon  acceptor 
activation,  and  will  help  understanding  of  the  dissociation  mechanism  of  complexes  present  in  the  layer. 
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Abstract 


The  high  pressure  phase  transitions  of  InAsi.xSbx/InSb  and  InAsj.xSbx/InAs  superlattices  are  investigated 
using  Raman  spectroscopy.  Both  component  layers  of  die  superlattices  undergo  a  phase  transition  at  the  same 
pressure.  In  the  InAs,.xSbx/InAs  system,  this  pressure  is  the  same  as  that  of  bulk  InAs,  independent  of  the  Sb 
content  of  the  alloy  layer.  In  the  InAs,.xSbx/InSb  system,  the  transition  pressure  is  either  that  of  the  InAs,.xSbx 
alloy,  or  it  is  the  mean  of  the  transition  pressures  of  both  constituent  layers.  The  mechanisms  which  could 
cause  the  differences  in  transition  pressures  are  discussed. 


1.  Introduction 

In  a  previous  paper  we  reported  Raman  spectra  of  InAsi-xSbx  alloys  under  hydrostatic  pressure  [1],  The 
phonon  peak  positions  shifted  monotonically  to  higher  frequency  with  increasing  pressure,  until  the 
phase  transition  pressure  was  reached.  The  phase  transition  pressure  was  75  kbar  for  pure  InAs,  Mid 
decreased  almost  linearly  as  the  Sb  content  (x)  was  increased.  An  InAso  ssSbo  42/InSb  superlattice 
changed  phase  at  a  pressure  equal  to  the  mean  of  the  transition  pressures  of  its  constituent  layers.  This 
paper  extends  those  studies,  by  investigating  the  phase  transition  pressures  of  InAsi-xSbx/InSb 
superlattices  with  x>0.4,  and  InAsi-xSbx/InAs  superlattices  with  x<0.38. 

2.  Experiment 

All  the  superlattice  samples  were  grown  by  molecular  beam  epitaxy  (MBE)  on  GaAs  substrates.  Buffer 
layers  of  composition  InAsi.x/2Sbx/2,  and  Ipm  thick,  accommodated  the  lattice  mismatch  between  the 
epilayer  and  the  substrate.  The  samples  were  grown  at  450°C,  a  temperature  for  which  phase  separation 
is  unlikely  to  occur  [2].  Each  superlattice  consisted  of  100  periods,  and  the  thickness  of  each  layer  was 
1 OOA  (i.e.  a  period  of  200A),  giving  a  total  superlattice  thickness  of  2pm.  The  top  layer  of  each  sample 
was  the  binary  compound  (InAs  or  InSb).  The  compositions  of  the  alloy  layers  were  determined  by  x- 
ray  diffraction. 

High  pressures  were  generated  using  a  miniature  diamond  anvil  cell  [3],  with  a  4:1  (by  volume) 
mixture  of  methanol  and  ethanol  as  the  pressure  transmitting  medium.  The  pressure  in  the  cell  was 
measured  by  the  ruby  fluorescence  method  [4].  Raman  spectra  were  taken  using  a  Renishaw  Raman 
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Figure  1:  Raman  spectra  ofInAso  38Sbo.62/InSb  superlattice  at  various  pressures 


Microprobe,  and  the  excitation  source  was  a  HeNe  laser,  giving  a  wavelength  of  633nm.  Taking  into 
account  optical  losses  from  both  the  spectrometer  and  the  diamond  anvil  cell,  the  laser  power  at  the 
sample  is  estimated  to  be  less  than  ImW. 

3.  Results  and  Discussion 

Raman  spectra  from  an  InAso.ssSbo  62/InSb  superlattice,  at  a  series  of  pressures,  are  shown  in  Figure  1. 
The  peak  at  higher  frequency  (about  21  lcm'‘  at  atmospheric  pressure)  is  the  InAs-like  LO  mode  from 
the  alloy  layer.  At  lower  frequency,  there  is  a  peak  with  a  shoulder  on  the  low  frequency  side.  The  peak 
is  thought  to  be  the  InSb  mode  from  the  binary  layer,  while  the  shoulder  is  the  InSb-like  mode  from  the 
alloy  layer.  The  frequency  of  the  InSb-like  mode  in  an  InAs|.xSbx/InSb  superlattice  is  expected  to  be 
lower  than  its  bulk  frequency,  due  to  the  tensile  strain  in  the  InAsSb  layers. 

The  Raman  modes  from  both  the  binary  and  alloy  layers  remain  visible  up  to  the  phase 
transition  pressure  (PO,  suggesting  that  all  the  superlattice  layers  transform  simultaneously.  The  phase 
transition  is  identified  by  the  disappearance  of  the  Raman  peaks,  as  the  lattice  structure  changes  to  a 
high  pressure  orthorhombic  phase  [5].  The  surface  morphology  of  the  sample  also  changes;  when 
viewed  under  an  optical  microscope,  the  surface  takes  on  a  wrinkled  appearance.  If  the  pressure 
increments  are  sufficiently  small,  Pt  can  be  determined  to  an  accuracy  of  ±l-2kbar.  Measurement  of 
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Figure  2;  Phase  transition  pressures  of  superlattice  samples 

ruby  fluorescence  fi-om  pieces  of  ruby  at  different  positions  in  the  gasket  hole  indicates  that  the 
pressure  varies  by  less  than  ±lkbar. 

The  phase  transition  pressures  of  all  the  superlattice  samples  are  shown  in  Figure  2.  Also  shown 
are  the  results  for  InAsi.xSb*  alloys,  from  reference  1.  All  of  the  InAsi-xSbx/InAs  superlattices 
transform  at  a  pressure  close  to  the  transition  pressure  of  bulk  InAs  (75kbar).  The  InASxSbi-x  layers  are 
therefore  ‘superpressed’  beyond  their  normal  transition  pressures,  by  as  much  as  12kbar  in  the  case  of 
the  x=0.38  sample.  The  two  InAsi-xSbx/InSb  samples  with  lowest  values  of  x  transform  at  the  mean  of 
the  transition  pressure  of  their  constituent  layers  (this  mean  pressure  is  indicated  by  a  dotted  line  on  the 
diagram).  The  transition  pressures  of  the  other  two  are  approximately  equal  to  the  bulk  transition 
pressures  of  their  alloy  layers,  resulting  in  a  superpressing  of  the  InSb  layers  of  about  llkbar  for 
x=0.80.  The  samples  are  therefore  behaving  in  two  distinct  ways:  either  they  transform  at  the  mean  Pt 
of  their  layers,  or  the  higher  Pt  layer  dominates.  These  two  groups  will  be  referred  to,  respectively,  as 
‘mean  Pt’  and  ‘high  Pt’  samples. 

It  is  thought  that  a  superlattice  can  undergo  a  phase  transformation  by  the  motion  of  alternate 
{111}  planes  of  atoms  to  new  lattice  locations  [6].  Since  these  planes  intersect  both  types  of 
superlattice  layer,  the  higher  Pt  layer  can  hinder  their  motion,  and  prevent  the  lower  Pt  layer  from 
transforming.  The  lower  Pt  layer  can  therefore  be  ‘superpressed’  beyond  its  bulk  transition  pressure.  In 
the  mean  Pt  samples,  the  lower  Pt  layer  can  overcome  this  resistance,  causing  the  whole  superlattice  to 
transform  at  an  average  Pt.  In  the  high  Pt  samples  it  cannot,  so  the  higher  Pt  layer  is  able  to  constrain 
the  lower  Pt  layer,  until  the  higher  Pt  layer  transforms.  It  can  be  seen  from  Figure  2  that  for 
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InAsi-xSbx/InSb,  the  mean  Pt  samples  have  lower  Sb  contents,  and  are  therefore  more  highly  strained, 
than  the  high  Pt  samples.  The  increased  compressive  strain  in  the  lower  Pt  layers  could  be  providing  the 
extra  energy  needed  for  them  to  overcome  the  resistance  of  the  higher  Pt  layers. 

The  InASxSbi-x/InSb  sample  with  x=0.62  is  a  ‘mean  Pt’  sample.  However,  the  InAsxSbi.x/InAs 
sample  with  x=0.38  is  similarly  strained  (with  a  lattice  mismatch  of  about  2.5%),  and  it  changed  phase 
at  the  Pt  of  bulk  InAs,  i.e.  it  is  a  ‘high  Pt’  sample  (as  were  all  of  the  InASxSbi.x/InAs  samples  studied 
here).  This  suggests  that  the  InAs  layers  are  more  effective  at  preventing  the  lower  Pt  layers  from 
changing  phase,  possibly  because  the  Pt  of  bulk  InAs  is  significantly  higher  than  the  Pt’s  of  the 
InAsxSbi.x  alloys  (in  the  range  of  x  studied  here).  Therefore,  even  in  the  more  highly  strained 
InAsxSb|.x/InAs  samples,  the  lower  Pt  layers  cannot  overcome  the  resistance  of  the  InAs  layers,  and  the 
higher  Pt  layers  determine  the  superlattice  Pt. 

4.  Conclusions 

The  behaviour  of  InAsxSbi.x/InSb  and  InAsxSbi.x/InAs  superlattices,  under  high  pressures,  is 
investigated  by  Raman  spectroscopy.  The  superlattice  layers  with  the  higher  Pt  impede  the  phase 
transition  in  the  lower  Pt  layers.  In  the  more  highly  strained  InAs|.xSbx/InSb  superlattices,  compressive 
strain  can  cause  the  lower  Pt  layers  to  partially  overcome  this  resistance,  making  the  superlattice 
transform  at  the  mean  Pt  of  its  constituent  layers.  All  of  the  InAsi.xSbx/lnAs  samples  changed  phase  at 
pressures  close  to  the  Pt  of  bulk  InAs. 
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Abstract.  This  article  reviews  our  recent  research  efforts  on  GaAs  passivation  by  the  growth  of  a  novel 
oxide  made  of  GajOj  and  GdjO,.  The  oxide-GaAs  interface  has  a  low  interfacial  state  density  of  10'“ 
cm'^eV',  comparable  to  that  of  Si02-Si  interface.  A  multi-chamber  UHV  system,  including  molecular 
beam  epitaxy  (MBE)  growth  chambers,  has  been  used  to  fabricate  Ga203(Gd203)-GaAs  device  wafers. 
The  growth  of  Ga203(Gd203),  in  combining  a  conventional  ion  implantation  process,  enables  us  to 
demonstrate  the  first  enhancement-mode  GaAs  metal-oxide-semiconductor  field-effect-transistors 
(MOSFETs)  with  inversion. 


1.  Introduction 

Today’s  integrated  circuit  is  based  upon  Si  MOSFETs  technology.  The  primary  reason  is  the  ability  to 
produce  a  superb  interface  between  Si  and  SiOj,  ■  which  has  a  low  interfacial  state  density,  and  is 
thermodynamically  stable.  It  is  well  known,  however,  that  electrons  move  faster  in  GaAs,  an  important  aspect 
to  build  high-speed  circuits.  Furthermore,  semi-insulating  substrates,  not  available  in  silicon,  can  be  used  to 
reduce  cross-talk  between  high-speed  signal  lines  in  dense  GaAs  circuits.  Present  GaAs  transistors  use  a 
metallic  Schottky  gate  contact  placed  directly  on  a  highly  doped  GaAs  channel  (called  MESFETs),  rather  than 
on  an  oxide  as  in  the  MOS  configuration.  The  Schottky  gate  induces  unavoidable  leakage  currents,  which 
severely  limits  the  integration  level  of  GaAs  MESFETs.  The  lack  of  a  stable  dielectric  film  with  a  low 
interfacial  state  density  (Djj)  precluded  the  development  of  GaAs  MOSFETs. 

Unlike  Si02-Si,  oxidation  of  GaAs  surface  produces  poor-quality  oxides.  Efforts  in  searching  for 
thermodynamically  stable  insulators  providing  a  low  interface  state  density  for  GaAs  were  taken  as  early  as  in 
1960s.  Thermal,  anodic,  and  plasma  surface  oxidation  techniques  produced  highly  resistive  films  but  could  not 
provide  the  oxide-GaAs  interfaces  with  low  interfacial  state  density.  [1,2]  Deposition  of  different  insulator 
materials  on  GaAs,  including  Si3N4,  Si02,  AljOj,  and  Ga203  has  been  used,  in  combination  with  dry,  liquid,  and 
photochemical  semiconductor  surface  treatments.[l-4]  These  efforts  groduced^  limited  improvements  of 
electronic  properties  of  the  interfaces,  with  Djt  at  best  in  the  range  of  ~  1 0  cm  eV  . 

Recently,  we  have  effectively  passivated  GaAs  surfaces  using  a  novel  oxide  of  Ga203(Gd203)  prepared  from 
our  multi-chamber  UHV  system.  [5-6]  GaAs  MOS  diodes  were  fabricated,  and  accumulation  and  inversion  in 
p-  and  n-channels  were  established.  An  interfacial  state  density  as  low  as  2-3  x  10'“  cm'^  eV''  was 
demonstrated,  [7]  which  is  comparable  to  that  of  SiOj-Si.  In  1996,  using  Ga203(Gd203)  as  a  gate  dielectric  and 
a  conventional  ion  implantation  process,  enhancement-mode  GaAs  MOSFETs  with  inversion  have  been 
implemented  on  semi-insulating  GaAs  substrates  in  n-  or  p-  channel  configurations.[8] 


CCC  Code  0-7803-3883-9/98/$  10.00  ©  1998  IEEE 


320 


In  the  following,  first,  the  requirements  for  obtaining  low  interfacial  state  density  are  discussed.  We  then 
describe  the  muti-chamber  ultra  high  vacuum  (UHV)  system  which  was  used  to  evaporate  GajOjCGdjOj)  and  to 
grow  the  device  materials.  Structural  and  compositional  characteristics  of  the  in-situ  fabricated  oxide-GaAs 
interfaces  were  studied,  followed  by  the  discussion  of  the  electronic  properties.  We  then  present  fabrication 
and  demonstration  of  enhancement-mode  GaAs  MOSFETs.  We  also  discuss  the  more  recent  results  on 
depletion-mode  GaAs  MOSFETs  and  enhancement-mode  InGaAs  MOSFETs. 

2.  Important  parameters  for  achieving  low  interfacial  state  density 

From  the  vast  amount  of  work  over  the  last  30  years,  in  order  to  achieve  low  interfacial  state  density  in 
oxide-GaAs  heterostructures,  the  following  requirements  have  to  be  considered:  (i)  low  surface  exposure,  in 
particular,  the  exposure  to  oxygen  to  be  completely  avoided  or  kept  to  a  very  low  level,  (ii)  exclusion  of 
chemical  reactions  between  deposited  oxides  and  GaAs,  (iii)  oxide  deposition  in  an  As  tree  environment,  and 
(iv)  no  introduction  of  interfacial  states  by  electronic  structures  of  deposited  oxides.  We  believe,  as  will  be 
discussed  next,  that  a  multi-chamber  UHV  system  is  a  proper  approach  to  achieve  most  of  these  requirements. 

3.  Film  growth  using  multi-chamber  UHV  system 

Fig.  1  shows  our  multi-chamber  UHV  system  that  includes  two  MBE  growth  chambers  (a  solid  source  GaAs 
based  III-V  chamber  and  an  arsenic-lree  oxide  deposition  chamber)  and  other  functional  chambers.  These 
chambers  are  linked  together  by  several  transfer  modules  with  a  background  pressure  of  10  '°  torr.  UHV  is 
needed  to  minimize  surface  exposure,  particularly  to  avoid  oxidation,  and  to  achieve  an  atomically  ordered  and 
chemically  clean  GaAs  surface  before  the  oxide  deposition.  Thus,  neither  contamination  nor  oxidation 
occurred  on  wafer  surfaces  during  wafers  transfer,  and  prior  to  the  oxide  deposition.  The  oxide  deposition  in  an 
As  free  environment  is  preferred,  because  excess  As  on  GaAs  surface  may  cause  high  interfacial  state  density. 

Samples  were  first  loaded  in  the  III-V  chamber  for  either  epi  growth  or  surface  cleaning  by  desorbing  native 
oxides,  which  was  monitored  using  reflection  high  energy  electron  diffraction  (RHEED).  Once  an  As- 
stabilized  GaAs  surface  reconstruction  of  (2x4)  was  maintained,  the  wafers  were  then  transferred  to  the  second 
growth  chamber  for  deposition  of  Ga203(Gd203)  or  other  oxides.  The  background  pressure  of  the  oxide 
chamber  was  below  10  Torr.  Ga203(Gd203)  films  were  deposited  by  electron-beam  evaporation  of  a  single¬ 
crystal  Gd3Ga50|2  source  at  substrate  temperatures  in  the  range  of  350-600  C. 


•  epi  growth  As-free 

•  surface  cleaning 


Fig.  1  Schematic  of  in-situ  fabrication  system,  including  solid-source  III-V  MBE,  oxide  chamber,  and  other 
functional  chambers. 
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4.  Structural  characteristics  of  GajOjlGdjOjl-GaAs  interfaces 

The  as-deposited  GajOjCGdjOj)  films  are  amorphous  as  studied  by  transmission  electron  microscopy  (TEM), 
and  RHEED.  From  studies  of  Rutherford  backscattering  spectrometry  (RBS)  and  Auger  analysis,  the  ratio  of 
GdjOj  to  GajOj  depends  on  the  deposition  conditions  such  as  substrate  temperatures.  The  interfacial  depth 
profiles  of  GajOalGdjOjl-GaAs  investigated  by  x-ray  photoelectron  spectroscopy  (XPS)  showed  only  the 
presence  of  GajOj,  GdjOj,  and  GaAs.  Chemical  reaction  products,  in  particular  As^O,  and  AsjOs  are  not 
detectable.  [7]  Consequently,  the  chemical  reaction  As^Oj  +  2GaAs  — >  Ga203  +  4As  (AG  =  -62  kcal/mol) 
resulting  in  As  formation  and  degradation  of  electronic  interface  properties  is  excluded.  XPS  was  also 
employed  to  study  the  structural  properties  of  other  in-situ  fabricated  oxide-GaAs  samples,  such  as  MgO-, 
AI2O3-,  and  SiOj-GaAs.  The  results  are  similar  to  that  of  Ga203(Gd203)-GaAs  interface,  namely,  no 
observation  of  AS2O3  and  AS2O5.  However,  as  will  be  discussed  in  the  next  section,  Fermi  level  is  pinned  at  the 
interfaces  for  these  oxide-GaAs  structures,  but  not  at  the  Ga203(Gd203)-GaAs  interface. 

5.  Electronic  properties  of  Ga203(Gd203)-GaAs  interfaces  charaeterized  using  photoluminescenee 

Interfacial  recombination  velocity  (S),  although  not  being  directly  related  to  an  actual  velocity,  is  related  to 
the  rate  at  which  excess  carriers  recombine  at  the  interfaee.  For  PL  and  recombination  velocity  studies,  two 
reference  samples  of  no  oxide  deposition  (bare  surface)  and  Alo  4sGao  sjAs-GaAs  were  fabricated,  with  identical 
GaAs  epitaxial  layer  and  substrate.  Standard  steady-state  PL  measurements  using  an  argon  ion  laser  at  a  high 
injection  level  of  1100  W/cm^  were  used  to  qualitatively  characterize  the  MgO-,  AI2O3-,  SiOj-,  Ga203(Gd203)-, 
and  Alo.45Ga„,5sAs-GaAs  interfaces  as  well  as  the  bare  surface.  [9,10]  The  results  reveal  two  distinctively 
different  classes  of  interfaces  where  the  first  group  includes  Ga203(Gd203)-  and  AlojsGao.ssAs-GaAs  ,  and  the 
second  comprises  the  other  oxide-GaAs  interfaces.  Based  on  the  internal  quantum  efficiency  measured  for 
incident  light  power  densities,  the  interfacial  recombination  velocity  has  been  inferred  using  a  self-consistent 
numerical  heterostructure  device  model.  [9,10]  The  best  fit  of  the  simulations  to  the  measured  data  has  been 
obtained  at  S  =  4000-5000,  and  1000  cm/s  for  Ga203(Gd203)-GaAs  and  reference  Alo^sGao.ssAs-GaAs 
structures.  The  Ga203(Gd203)-GaAs  interfacial  recombination  velocity  is  consistent  with  the  low  interface  state 
density  in  the  mid  10'“  cm'^  eV  range,  as  measured  from  the  C-V  method.  [7] 

We  notice  that  AI2O3-,  Si02-,and  MgO-GaAs  structures  are  characterized  by  a  Fermi  level  pinned  at  the 
interface  and  an  interface  recombination  velocity  which  is  comparable  to  that  of  the  bare  GaAs  surface  (~  10’ 
cm/sec).  The  fundamentally  different  electronic  properties  observed  at  various  in-situ  fabricated  oxide-GaAs 
interfaces  are  due  to  the  specific  chemical  bonding  associated  with  the  interfacial  atoms  of  GaAs  and  the 
deposited  oxide  molecules.  Evidently,  in  addition  to  (a)  clean  and  atomically  ordered  GaAs  surface  and  (b)  no 
As,0  at  the  oxide-GaAs  interface,  the  attainment  of  low  interfacial  recombination  velocity,  hence  low 
interfacial  state  density,  also  requires  no  introduction  of  GaAs  gap  states  by  the  deposited  oxide  molecules. 

6.  Interfacial  roughness  and  formation  of  inversion  and  accumulation 

Metal-oxide-semiconductor  (MOS)  capacitors  were  characterized  by  C-V  measurements  at  frequencies 
ranging  from  quasi-static  to  IMHz.  The  inferred  midgap  interfacial  state  density  is  in  the  low  10'“  cm"’  eV 
range  as  reported  in  Ref.  7.  The  observation  of  inversion  and  accumulation  depends  strongly  on  the  interfacial 
roughness  of  Ga203(Gd203)-GaAs  heterostructures.  Figs.  2  and  3  show  the  x-ray  reflectivity  and  the 
corresponding  C-V  characteristics  for  a  Ga203(Gd203)  film  8.8  nm  thick  deposited  on  Si  doped  GaAs  (10'“  cm' 
“).  In  the  x-ray  reflectivity  method  of  film  metrology,  the  specular  reflectivity  of  x-ray  from  a  film  surface  is 
measured  as  a  function  of  incidence  angle.  By  analyzing  these  data,  one  can  measure  the  thickness,  density, 
and  roughness  of  a  single  film  on  a  substrate.  The  oxide-GaAs  interfacial  roughness  was  measured  to  be  0.24 
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Fig.  3  Capacitance  as  a  function  of  the  bias  voltage  for 
the  sample  in  Fig.  2.  Frequency  varies  from  50  Hz  to  1 
MHz. 

nm.  The  C-V  measurement  in  Fig.  3  was  performed  under  dark.  For  negative  voltage,  an  inversion  layer  of 
holes  forms  at  the  interface.  The  inversion  carriers  follow  the  a.c.  signal  at  100  Hz  at  dark,  and  at  1  kHz  under 
light  (not  shown).  For  an  oxide-GaAs  sample  with  an  interfacial  roughness  of  0.8  nm,  the  inversion  carriers 
only  barely  follow  the  a.c.  signal  at  100  Hz. 

7.  Demonstration  of  enhancement-mode  GaAs  MOSFET  with  inversion 

The  process  sequence  and  a  cross-sectional  view  of  a  GaAs  enhancement-mode  device  are  shown  in  Figs.  4 
and  5.  As  described  above  in  section  3,  native  oxides  on  GaAs  were  thermally  desorbed  at  substrate 
temperatures  of  580-600'’C  under  an  As  overpressure.  The  wafers  were  then  in-situ  (under  UHV)  transferred 
into  the  oxide  chamber  where  Ga203(Gd203)  was  deposited  at  a  substrate  temperature  of  535°C.  Selective  area 
ion  implantation  was  used  for  ohmic,  well,  and  channel  regions.  The  implant  activation  anneal  was  carried  out 
at  800°C  and  860°C  for  5  min  for  p-  (Zn)  and  n-  (Si)  implants,  respectively.  HCkHjO  mixtures  were  used  for 
the  oxide  etching.  AuBe/Pt/Au  and  Ge/Ni/Au-Ge/Mo/Au  were  used  for  p-  and  n-metallization,  respectively. 
The  interconnection  and  gate  contact  formation  were  achieved  using  e-beam  evaporated  Ti/Pt/Au  metallization 
and  lift-off  process. 

Figure  6  (a)  and  (b)  illustrates  the  drain  I-V  curves  of  p-  and  n-channel  devices  with  a  geometry  of  4  x  50 
pml  [1 1]  For  p-MOSFET,  the  gate  voltage  varies  from  -9  to  0  V  in  steps  of  -IV  with  a  threshold  voltage  (Vj) 
of  -0.5  V.  The  saturation  drain  current  is  proportional  to  (V^  -Vj)^,  which  is  a  characteristics  of  an 
enhancement-mode  device.  An  extrinsic  transconductance  of  0,2  mS/mm,  which  is  limited  by  the  large  gate 
length  and  parasitic  resistance,  is  obtained  at  V*  of  2  V  and  Vg  of  -9  V.  From  the  variation  of  drain 
conductance  g^  versus  gate  voltage  at  small  drain  voltage,  the  effective  mobility  was  derived  to  be  20 
cmWs.  The  measured  is  an  order  of  magnitude  lower  than  the  bulk  hole  mobility,  which  is  most  likely 
caused  by  interfacial  scattering.  Similar  device  characteristics  were  also  observed  for  n-MOSFET.  Before  the 
oxide  growth,  a  rough  wafer  surface  caused  by  prior  device  processing,  was  observed  using  in-situ  RHEED. 
With  the  gate  oxide  40  nm  thick,  a  symmetrical  gate  breakdown  voltage  of  12.4  V  is  obtained.  The  gate 
breakdown  is  consistent  with  the  breakdown  field  of  3.6  MV/cm,  as  measured  on  a  large-area  MOS  diode. 


Fig.  2  X-ray  reflectivity  as  a  function  of  the 
incident  angle  for  a  Ga203(Gd203)  film  8.8  nm 
thick  on  GaAs. 
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Fig.  4  Processing  sequence  of  enhancement-mode  Fig.  5  Cross-sectional  view  of  an  enhancement- 
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Fig.  6(a)  Drain  I-V  characteristics  of  an 
enhancement-mode  GaAs  p-MOSFET  with  a  gate 
geometry  of  4  x  50  pm^. 


Drain  Voltage  (V) 


Fig.  6(b)  Drain  I-V  characteristics  of  an 
enhancement-mode  GaAs  n-MOSFET  with  a  gate 
geometry  of  4  x  50  pm^. 


8.  Depletion-mode  GaAs  MOSFETs  and  enhancement-mode  InGaAs  MOSFETs 

Ga203(Gd203)  as  the  gate  dielectric  has  also  been  applied  to  fabricate  depletion-mode  GaAs  MOSFETs  and 
enhancement-mode  InGaAs  lattice  matched  to  InP.  For  depletion-mode  GaAs  MOSFET,  an  1  pm  x  100  pm 
device  shows  good  I-V  characteristics  with  pinch  off  of  the  device  occurring  at  Vg  =  -2.5V.  The  operation  of 
the  device  in  the  accumulation  regime  is  well  established.  Maximum  transconductance  is  100  mS/mm  and 
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maximum  drain  current  density  is  315  mA/mm.  The  device  also  shows  a  very  small  output  conductance.  The 
microwave  results  show  that  unity  current  gain  cutoff  frequency  (fj)  is  14  GHz  and  maximum  available  gain 
cutoff  frequency  (f^)  is  35  GHz. 

For  enhancement-mode  InGaAs,  an  extrinsic  transconductance  of  190  mS/mm  was  obtained.  There  is  no 
drain-current  drifting  or  hysteresis  observed  for  the  devices  with  gate  length  larger  than  2  pm.  The  effective 
mobility  of  470  cmWs  is  derived  from  the  variation  of  drain  conductance,  go,  versus  gate  voltage  at  small 
drain  voltage  (~0  V).  The  current  gain  cutoff  frequency  and  the  maximum  frequency  of  oscillation  of  6.8  and 
7.8  GHz  were  obtained,  respectively. 

9.  Conclusions 

Deposition  of  the  novel  oxide,  a  mixture  of  GajOj  and  GdjOj,  on  clean  and  atomically  ordered  GaAs  using 
in-situ  MBE  technique  has  produced  a  low  interfacial  state  density.  With  Ga203(Gd203)  as  the  gate  dielectric 
and  an  ion-implant  technology,  the  first  enhancement-mode  GaAs  MOSFETs  were  fabricated.  The  process 
discussed  in  the  paper  is  compatible  with  the  present  commercial  GaAs  MESFET  technology.  The  reason  why 
Ga203(Gd203)  provides  a  low  interfacial  state  density  to  GaAs,  but  not  the  other  oxides,  is  still  under 
investigation.  Nevertheless,  the  results  presented  here  show  that  the  in-situ  deposition  of  Ga203(Gd203)  has 
opened  the  possibility  for  the  applications  of  HI-V  MOSFET  technologies. 
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Kinetics  of  AlAs  Steam  Oxidation  at  Low  Pressure  and  Low 
Temperature  Measured  In-Situ  Using  a  Novel  Furnace  Design 
with  an  Integral  Optical  Port 

S.A.  Feld*,  J.P.  Loehr,  R.E.  Sherriff,  J.  Wiemeri,  and  R.  Kaspi 
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Oxidation  of  AlGaAs  layers  has  become  a  critical  processing  step  in  the  fabrication  of 
high-performance  vertical-cavity  surface-emitting  lasers  (VCSELs).  The  low  refractive 
index  of  the  oxide  provides  for  high-contrast  distributed  Bragg  reflector  (DBR)  mirrors, 
while  the  high  oxide  resistivity  makes  it  ideal  for  defining  VCSEL  current  apertures.  We 
have  integrated  a  glass  viewport  into  a  low-pressure  (5  Torr)  cold- walled  oxidation 
chamber  to  allow  in-situ  optical  monitoring  of  the  oxidation  reaction,  enabling  superior 
control  and  reproducibility.  Real-time,  in-situ  optical  measurements  of  AlAs  oxidation 
rates  were  performed  and  we  compare  the  results  with  a  standard  model.  Oxide- 
semiconductor  DBRs  were  also  fabricated  and  we  present  reflectivity  measurements  on 
these  samples. 


1.  Introduction 

Recently,  native  oxides  of  AlAs/GaAs  alloys  have  become  popular  for  the  fabrication  of  vertical- 
cavity  surface-emitting  lasers  (VCSELs)[l,2].  The  low  refractive  index  of  the  oxide  allows  fabrication 
of  high-contrast  distributed  Bragg  reflector  (DBR)  mirrors  using  only  a  few  quarter^wave  layers[3],  while 
the  high  oxide  resistivity  makes  it  ideal  for  defining  VCSEL  current  apertures.  Unfortunately,  when  the 
oxidation  reaction  is  conducted  in  a  conventional  tube  fiimace  it  is  hard  to  control,  making  it  difficult  to 
reproducibly  define  the  small  features  necessary  for  high-quality  VCSELs. 


2.  Oxidation  furnace  design 

To  improve  our  control  over  the  reaction  we  have  designed  and  constructed  a  custom  oxidation 
furnace  (Eigure  1).  A  window  in  the  reaction  chamber  permits  real-time  in-situ  optical  monitoring  of  the 
oxidation.  To  prevent  water  vapor  from  condensing  on  the  cold  window  and  obscuring  the  sample,  the 
reaction  chamber  is  operated  at  low  pressure  (5  Torr).  This  low  pressure  also  allows  us  to  immediately 
halt  the  reaction  by  evacuating  the  chamber.  In  addition,  we  dramatically  reduce  the  oxidation  rate  by 
keeping  the  sample  at  low  temperature  (325-4(X)°C).  The  combination  of  optical  monitoring,  rapid 
shutoff,  and  slow  oxidation  greatly  increases  our  control  over  the  reaction  and  allows  us  to  define  small 
features  precisely  and  reproducibly. 
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Figure  1.  Schematic  diagram  of  the  oxidation  system 


3.  Oxidation  kinetics 


Using  our  in-situ  monitoring  capability  we  directly  measure  the  oxidation  distance  as  a  function 
of  time.  Using  a  long  working  distance  microscope  and  an  infrared  camera,  magnified  images  of  the 
sample  can  be  obtained  during  the  oxidation  (Figure  2). 


Figure  2.  Infrared  image  of  partially  oxidized  DBR  structures  showing  the  clear  contrast  between 
oxidized  regions  and  unoxidized  regions. 


These  images  can  be  analyzed  to  determine  the  oxidation  distance  as  a  function  of  time  (Figure  3).  The 
data  have  been  shifted  in  time  to  coincide  at  the  origin.  This  time  delay  is  believed  to  be  due  to  oxidation 
of  the  surfaces  in  air  during  the  time  between  the  preparation  of  the  samples  and  their  introduction  into 
the  oxidation  chamber.  Despite  care  to  reproducibly  prepare  the  samples,  the  delay  time  does  not  seem 
to  vary  in  a  systematic  manner.  A  standard  oxidation  model,  of  the  form[4]: 


or 


1  + 


(a  2/45) 


-  1 


x{t'f+Ax{t')  =  Bt', 
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Figure  3.  Oxidation  distance  as  a  function  of  time  for  several  temperatures.  The  measured  and  fitted 
curves  have  been  shifted  in  time  by  the  delay  values  t^  to  coincide  at  the  origin.  All  oxidations  were 
carried  out  at  a  water  vapor  pressure  of  5  Torr  and  a  flow  of  500  seem. 

can  be  well-fit  to  the  data  in  figure  3.  Here  the  coefficients  A  and  B  are  temperature  dependent  and  have 
the  form: 

A{T)  =  A^e  and  Uj)  =  V  ■ 

A  least-squares  fit  to  the  data  gives  A^  =7.8x1  O'*  pm,  B,,  =1.07x10*  pm^  min,  Ej^=-0.846  eV,  and 
E,b=0.912  eV.  Unfortunately,  due  to  the  small  range  of  temperatures  studied  in  this  experiment,  we 
cannot  attach  great  statistical  significance  to  these  parameters  despite  the  close  agreement  between  the 
measured  and  fitted  curves. 


4.  Reflectivity  measurements 


To  verify  that  these  oxides  have  suitable  optical  and  mechanical  properties  for  DBR  mirror 
fabrication,  we  also  measured  the  reflectance  of  DBR  layer  stacks  after  low-temperature  oxidation.  Since 
the  low  oxidation  rate  makes  it  impractical  to  oxidize  large  features,  we  constructed  an  imaging  system 
capable  of  measuring  the  reflectance  of  small  (-20  pm)  features.  A  schematic  diagram  of  the  system  is 


shown  in  Figure  4. 


Figure  4.  Schematic  diagram  of  the  small-area  reflectivity  measurement  system. 
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Typical  reflectivity  spectra  obtained  from  the  system  are  shown  in  figure  5.  A  calculated  spectrum  of 
the  unoxidized  sample  is  fitted  to  the  measured  spectrum  to  extract  the  thickness  of  the  layers  prior  to 
oxidation.  After  oxidation,  the  sample  is  re-measured  and  the  calculated  spectrum  is  again  fitted  to 
determine  layer  thickness  after  oxidation.  From  this  analysis,  a  layer  shrinkage  of  approximately  2.5% 
is  obtained  for  the  oxidized  AlAs  layers. 


Wavelength  (nm) 


Figure  5.  Measured  and  calculated  reflectivity  spectra  of  unoxidized  and  oxidized  DBR  structures. 


5.  Conclusion 

We  have  constructed  and  tested  an  oxidation  system  with  an  integrated  view-port.  This  enables 
real-time  monitoring  of  the  oxidation  reaction  and  allows  precise  control  over  the  fabrication  of  oxidized 
stmctures.  Testing  of  the  oxidized  structures  using  a  custom  reflectivity  measurement  system  shows  that 
high  quality  distributed  Bragg  reflectors  can  be  fabricated  using  the  oxidation  system. 
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Abstract.  We  present  a  method  to  achieve  lithographic  control  of  the  lateral  oxidation  of  AlAs  layers.  The 
technique  uses  impurity  induced  layer  disordering  (ELD)  in  buried,  heavily  Si-doped  layers  to  introduce  Ga 
atoms  into  the  AlAs  layers  to  be  oxidized.  By  selectively  patterning  the  wafer  surface  and  combining  point 
defect  generation  mechanisms  from  the  uncap^  surface  and  in  the  highly  Si-doped  layers,  this  intermixing 
may  be  localized.  Because  lateral  oxidation  rates  are  heavily  dependent  on  A1  mole-fraction,  lateral  oxidation 
stop  layers  can  thus  he  formed.  Results  are  discussed  for  several  types  of  capping  conditions,  and  SUPREM 
simulations  of  the  two-dimensional  disordering  process  are  presented. 


1.  Introduction 

Several  types  of  devices  now  utilize  the  stable  native  oxide  of  AlAs  [1]  to  confine  electrical  and/or  optical 
fields.  Among  these,  edge-emitting  lasers,  VCSELs,  and  Collector-Up  HBTs  rely  on  the  selective  lateral 
oxidation  of  high  A1  mole-fraction  AlGaAs  to  create  apertures  of  unoxidized  material.  Because  the  size 
of  these  apertures  is  critical  to  device  performance,  lithographic  control  of  the  oxidation  process  would  be 
highly  advantageous.  By  decreasing  the  dependence  on  variables  such  as  temperature,  A1  mole-fraction, 
layer  thickness,  sample  preparation,  and  furnace  conditions,  yields  may  be  improved  and  systems  of 
more  than  one  device  enabled.  By  forming  oxidation  stop  layers,  it  is  also  possible  to  create  devices  in 
which  the  aperture  is  not  concentric  with  the  mesa  from  which  the  oxidation  proceeds. 

Lateral  oxidation  rates  of  Al(Ga)As  have  been  shown  to  be  highly  dependent  on  A1  mole-fraction 
[2].  The  ability  to  locally  intermix  A1  and  Ga  atoms,  introducing  Ga  atoms  into  the  AlAs  layers  to  be 
oxidized,  is  one  manner  in  which  to  control  the  oxidation  process.  There  are  several  mechanisms  wMch 
induce  intermixing  of  A1  and  Ga  atoms  in  the  column  HI  matrix  [3].  In  terms  of  localized  disordering, 
these  methods  can  be  loosely  divided  into  two  groups.  In  the  first,  vertical  columns,  perpendicular  to  the 
surface  of  the  wafer  are  disordered  according  to  patterning  on  the  top  of  the  wafer  [4].  In  the  second, 
selected  buried  layers  are  disordered,  parallel  to  the  surface  of  the  wafer,  according  to  dopant  type  and 
doping  level  [5].  The  method  described  here  is  a  combination  of  these  two  techniques  [6]. 

In  this  method,  selected  regions  of  the  wafer  surface  are  capped  with  silicon  nitride.  Highly  Si- 
doped  AlAs  layers  are  buried  in  the  epitaxial  structure.  Upon  annealing  at  high  temperatures,  the  wafer 
sees  two  competing  mechanisms  of  point  defect  generation.  In  the  buried  highly  Si-doped  AlAs  layers,  a 
very  high  concentration  of  column  HI  vacancies  exists.  (The  dominant  point  defect  in  heavily  Si-doped 
material  has  been  found  to  be  the  triply  negative  column  HI  vacancy,  .  The  concentration  of  these 
vacancies,  relative  to  their  concentration  in  an  intrinsic  region  of  the  same  material,  is  (n/nj)  [7].)  In  the 
regions  underneath  the  nitride  (a  neutral  surface),  the  AlAs  layers  disorder  due  to  this  high  column  HI 
vacancy  concentration.  In  the  uncapped  areas,  the  wafer  loses  As  from  the  surface  and  the  downward 
flux  of  As-poor  point  defects  (Ga  interstitials,  iGa.  and/or  As  vacancies,  Vas)  acts  to  reduce  the  column 
TTT  vacancy  concentration,  slowing  the  disordering  process. 
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2.  Experiment  and  Results 

2.1  Epitaxial  Structures  and  Experimental  Procedure 

Molecular  beam  epitaxy  was  used  to  grow  two  test  structures.  The  first  structure  (stmcture  A),  consists 
of  two  25A  GaAs  layers,  doped  5el8  cm’’ ,  placed  one-third  and  two-thirds  of  the  way  into  a  750A  AlAs 
layer  doped  lei 8  cm"’ ,  such  that  each  GaAs  layer  has  250 A  of  AlAs  above  and  below  it.  Two  more 
25 A  GaAs  layers  he  above  and  below  the  AlAs,  which  hes  2500 A  below  the  surface  [8],  The  second 
structure  (stracture  B)  contains  two  500A  AlAs  layers.  The  top  layer  is  doped  5el8  cm"^ ,  hes  3000A 
down  from  the  top  surface  of  the  wafer,  and  is  surrounded  above  and  below  by  500A  of  GaAs  doped 
5el8  cm"’ .  The  second  AlAs  layer  hes  3000A  below  the  first,  is  doped  5el7  cm"’ ,  and  is  surrounded  by 
GaAs  doped  5el7  cm"’  above  and  below. 

CVD  sihcon  nitride  was  deposited  and  subsequently  patterned  on  both  of  these  structures. 
Wafers  were  annealed  for  two  hours  at  875°C  in  a  1"  tube  furnace  under  flowing  nitrogen.  Following 
the  anneal,  PECVD  nitride  was  deposited  to  serve  as  an  etch  mask.  After  a  wet  etch,  the  samples  were 
oxidized  at  425°C  for  30  minutes. 

2.2  Experimental  Results  (Structure  A) 

The  first  anneal  utihzed  a  GaAs  wafer  as  a  proximity  cap  on  top  of  the  patterned  CVD  nitride.  These 
samples  did  not  lose  enough  As  to  slow  the  disordering  process  outside  the  nitride,  and  thus  the 
oxidation  proceeded  at  the  same  decreased  rate  ever5rwhere.  At  the  edge  of  the  sample  however,  slightly 
more  As  was  lost,  and  a  2.5  to  1  ratio  in  oxidation  rates  was  observed.  Two  techniques  using  Si  wafers 
as  proximity  caps  were  also  tried.  In  the  first,  small  pieces  of  Si  wafer,  stacked  two  high,  were  placed 
adjacent  to  the  sample.  A  Si  "bridge"  was  then  placed  over  the  sample,  and  the  sample  was  annealed. 
The  result  of  this  t^  of  anneal  varied  over  the  wafer  surface,  regions  seeing  the  most  nitrogen  flow 
appeared  very  rough.  The  left  side  of  figure  2  represents  such  a  sample.  In  this  picture,  the  etched  mesa 
is  a  rectangle  and  the  patterned  nitride  is  a  circle,  intentionally  misaligned.  After  oxidation,  we  have 
converted  a  rectangular  mesa  into  a  circular  aperture,  clearly  showing  a  difference  in  oxidation  rate 
tetween  the  capped  and  uncapped  regions.  In  the  second,  a  direct  Si  cap  was  employed.  The  direct  Si 
cap  yielded  the  most  specular  surface  after  annealing.  The  right  side  of  figure  3  shows  a  circular  outer 
mesa  and  an  intentionily  misaligned  SiNx  inner  mesa.  The  mesa  was  overoxidized  approximately  1.5 
times  yet  the  process  stUl  yielded  a  circular  aperture.  The  ratio  of  oxidation  rates  nearby  was  1  to  10. 
Note  the  improved  surface  relative  to  the  indirectly  capped  sample. 


Unoxidizet 

Aperture 


Etched 

Mesa 


Fig.  1  Optical  micrographs  of,  left,  a  rectangular  mesa  (50  x  58  pm’)  oxidized  to  a  circular  aperture.  This  sample 
was  capped  indirectly  with  a  Si  wafer.  Right,  a  circular  mesa  (52  pm  in  diameter)  oxidized  to  a  misaligned  circular  aperture. 

This  sample  was  capped  directly  with  a  Si  wafer. 
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2.3  Experimental  Results  (Structure  B) 

Structure  B  was  annealed  using  an  indirect  Si  wafer  as  a  cap.  Because  the  concentration  of  column  IE 
vacancies  is  proportional  to  the  cube  of  the  electron  concentration,  a  large  number  of  vacancies  exist  in 
the  regions  doped  5el8  cm‘^  with  Si.  In  the  regions  outside  the  nitride  cap,  this  vacancy  concentration  is 
mitigated  by  the  downward  flux  of  As-poor  point  defects,  and  the  top  AlAs  layer  disorders  less. 
Underneath  the  cap,  the  vacancy  concentration  remains  high,  and  here  the  highly  doped  AlAs  layer 
disorders  the  most.  This  can  be  seen  in  Figure  2  where  the  oxidation  of  the  top  layer  proceeds  further 
where  it  does  not  run  into  the  region  underneath  the  cap.  The  lower  layer  is  less,  though  still,  affected  by 
the  injection  of  point  defects  from  the  surface.  Because  the  vacancy  concentration  is  much  less  in  the 
5el7  cm‘^  Si-doped  regions,  the  lower  AlAs  layer  will  disorder  less.  Figure  2  shows  that  the  lower 
oxidized-AlAs  layer  extends  much  further  than  fire  upper  oxidized-AlAs  layer.  Note  however  that  this 
layer  does  disorder  slightly,  as  is  evidenced  in  the  slightly  different  oxidation  depths  in  the  regions 
outside  and  underneath  the  nitride  cap. 

The  ability  to  disorder  a  particular  Al(Ga)As  layeifs)  while  leaving  other  Al(Ga)As  layers  relatively 
undisturbed  is  potentially  useful  in  various  t5'pes  of  devices.  Besides  changing  the  concentration  of  the 
Si  doping  in  the  layers  not  to  be  intermixed,  changing  the  species  of  the  n-type  dopant  can  be  used  [9]. 
For  p-type  doping,  carbon  has  been  shown  to  retard  Al-Ga  interdiffusion  [10]. 

2.4  Simulation  Results  (Structure  B) 


The  localized  disordering  of  AlAs  described  above  is  a  highly  three-dimensional  process.  In  order  to 
gain  a  better  understanding  of  variables  affecting  the  disordering  process,  we  have  carried  out  two- 
dimensional  process  simulations  using  SUPREM-IV.GS  [11].  In  these  simulations  of  structure  B,  the 
aluminum  diffusion  constant  depends  on  the  anneal  temperature  and  local  Fermi  level,  and  is  based  on 
empirical  data  [12].  Ga  interstiti^s  are  injected  at  a  constant  rate  from  the  uncapped  portions  of  the  wafer, 
while  the  injection  rate  is  set  to  zero  underneath  the  nitride.  (Physically,  the  injection  rate  may  be  varied 
by  changing  the  anneal  temperature,  the  capping  conditions,  or  the  semiconductor  material  at  the  surface 
of  the  wafer  [6].)  As  we  vary  the  rate  at  which  these  interstitials  are  injected,  the  distance  which  the  less 
disordered  AlAs  layer  encroaches  underneath  the  cap  changes.  This  can  be  seen  in  Figure  3  where  we 
plot  contours  of  constant  aluminum  concentration  for  three  injection  rates:  lei 3,  lel4,  and  lei  5  gallium 
interstitials  /  cm’ s. 

The  innermost  line  in  the  upper  AlAs  layers  in  Figure  3  represents  an  aluminum  mole-fraction  of 
0.98.  If  we  compare  the  distance  to  which  these  lines  extend  underneath  the  edge  of  the  nitride  cap  (parts 
(b)  and  (c)),  the  picture  qualitatively  confirms  our  understanding  of  the  disordering  process:  the  higher 
the  injection  rate,  the  less  the  extent  of  the  intermixing.  Because  the  injection  of  gallium  interstitials  and 
their  diffusion  is  a  two-dimensional  process,  the  higher  the  injection  rate  at  the  surface,  the  greater  the 
flux  that  extends  laterally  underneath  the  cap  to  diminish  the  interdiffusion  of  A1  and  Ga  here. 


CVD 


SU4 


upper  (5el8) 
oxi^zing  layer 


500A  AlAs 


lower  (5e  17) 
oxidizing  layer 


500A  AlAs 


Fig.  2  Optical  micrograph  (left)  and  schematic  (right)  of  two  AlAs  layers  oxidized  following  localized  disordering.  The  top 
layer  is  Si-doi^  5el8  cm  ’  (disorders  more)  and  the  bottom  layer  is  Si-doped  5el7  cm  ’  (disorders  less). 

The  square  is  86  pm  on  a  side. 
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In  comparing  (a)  to  (b)  and  (c),  it  is  interesting  to  note  that  a  lel3  /  cm^  s  flux  is  insufficient  to  keep  the 
top  AJAs  layer  from  disordering,  and  the  mole-fraction  of  this  layer  is  below  0.9  everywhere. 
Conversely,  the  higher  gallium  interstitial  flux  in  parts  (b)  and  (c)  is  sufficient  to  keep  the  lower  and  more 
lightly  doped  AlAs  layer  from  disordering,  where  the  lower  flux  in  (a)  is  not. 


3.  Conclusions 

Localized  impurity  induced  layer  disordering  can  be  used  to  form  effective  oxidation  stop  layers,  and 
thus  introduce  lithographic  control  to  the  lateral  oxidation  of  AlAs.  Wafer  capping  conditions  during  the 
anneal  play  a  large  role  in  the  rate  at  which  As-poor  point  defects  are  injected  down  from  the  surface. 
This  rate  in  turn  is  important  in  determining  what  the  final  aluminum  profiles  will  look  like. 
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Fig.  3  Results  of  SUPREM-IV.GS  simulations  modeling  the  localized  disordering  process.  Contours  arc  of  constant 
aluminum  concentration,  with  lines  plotted  for  mole-fractions  0.90  and  0.98.  Samples  were  annealed  for  two  hours  at 
875°C,  with  the  gallium  interstitial  injection  rate  varied.  The  injection  rates  were  (a)  lel3  /  cm*  s  (b)  lel4  /  cm*  s 

and  (c)  lel5  /cm*s  . 
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Improved  PL  intensity  of  InGaAs/GaAs  SQW  with  a  selectively  oxidized 
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Abstract.  Data  is  presented  on  room  temperature  photoluminescence  (PL)  intensity  measurements  of 
InGaAs/GaAs  single  quantum  wells  (SQW's)  adjoining  a  selectively  oxidized  AlAs  layer,  A  drastic  PL  intensity 
reduction  was  observed  for  a  sample  with  a  direct  interface  between  the  GaAs  barrier  and  tbe  oxidized  AlAs  layer. 
Samples  in  which  an  AlGaAs  layer  was  inserted  between  the  SQW  and  the  AlAs  showed  no  such  PL  intensity  re¬ 
duction  after  oxidation  provided  the  thickness  of  the  AlGaAs  layer  was  greater  than  20  nm.  The  results  provide 
important  information  for  the  design  of  oxide  based  optoelectronic  devices  operated  at  room  temperature. 


1 .  Introduction 

Selective  wet  oxidation  of  AlAs/GaAs  multilayers 
has  been  intensively  studied  in  recent  years.[L  2] 
It  has  already  been  used  in  optical  devices  such  as 
ultra-low  threshold  surface-emitting  lasers  in 
which  a  oxide  layer  forms  a  buried  current  aper¬ 
ture.  [3-5]  Furthermore,  the  high  refractive  index 
step  in  these  oxide/semiconductor  multilayers  is 
expected  to  be  useful  for  forming  wavelength-size 
microcavities.  [6-8]  However,  to  date  there  is  in¬ 
sufficient  information  available  on  the  optical 
characterization  of  selectively  oxidized  material 
which  will  be  important  for  device  designing.[9- 
11] 

In  this  paper,  we  present  data  on  the  optical 
properties  of  InGaAs/GaAs  single  quantum  wells 
(SQW's)  adjacent  to  a  selectively  oxidized  AlAs 
layer.  Photoluminescence  (PL)  intensities  at  room 
temperature,  which  gives  direct  information  for 
practical  device  applications,  were  compared  be¬ 
fore  and  after  oxidation  using  samples  carefully 
designed  to  minimize  the  interference  effect  caused 
by  the  large  refractive  index  step  between  oxide 
and  semiconductor.  Although  a  drastic  reduction 


in  PL  intensity  was  observed  in  a  sample  with  a 
direct  interface  between  the  SQW  and  oxidized 
AlAs,  a  20-nm-thick  AlGaAs  interface  layer  was 
found  to  effectively  isolate  the  generated  carriers 
from  the  interface  and  yield  a  PL  efficiency  after 
oxidation  identical  to  that  of  the  as  grown  materi¬ 
als,  A  study  of  the  temperature  dependence  of  the 
PL  intensity  also  showed  a  similar  tendency  sup¬ 
porting  the  above  results. 

2 .  Experiments 

A  schematic  diagram  of  the  sample  structure  used 
in  this  work  is  shown  in  Fig.  1.  The  samples  were 
grown  undoped  by  molecular  beam  epitaxy  on 
(lOO)-oriented  undoped  GaAs  substrates.  Four 
InGaAs/GaAs  SQW  samples  were  used  each  with 
an  AlAs  layer  to  be  oxidized  underneath  the  QW. 
The  Indium  content  and  well  width  of  the  SQW 
were  nominally  20%  and  7  nm,  respectively, 
which  resulted  in  emission  wavelengths  at  room 
temperature  in  the  range  980  to  1000  nm.  One 
sample  has  a  direct  interface  between  the  SQW 
and  the  AlAs,  while  the  other  three  samples  have  a 
thin  Alo.38Gao,362As  interface  layer  with  different 
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etching  (H2S04:H202:H20  =  4:1:1)  to  form 
nominally  47-|am  square  mesas  and  oxidation  at 
400°C  for  1  hour  in  flowing  nitrogen  gas  bubbled 
through  deionized  water  at  80°C.  The  samples 
were  characterized  before  and  after  oxidation  us¬ 
ing  room  temperature  PL,  excited  using  an  Ar  ion 
laser  (514.5  nm)  with  a  power  density  of  0.5 
W/cm2.  In  order  to  perform  the  temperature  de¬ 
pendent  PL  measurements,  the  samples  were 
mounted  in  a  closed  cycle  helium  cryostat  where 
the  temperature  could  be  maintained  between  12 
and  300K. 


FIG.  1.  Schematic  diagram  of  the  sample  structure.  The 
spacer  layer  thickness  is  136  nm  for  the  sample  without 
AIGaAs,  and  those  for  the  samples  with  AIGaAs  arc 
adjusted  to  keep  the  separation  between  SQW  and  oxide 
layer  constant. 

thickness  (10,  20  and  30  nm)  at  the  oxide  inter¬ 
face. 

In  order  to  evaluate  the  PL  intensity  before 
and  after  oxidation  the  samples  were  designed  to 
minimize  the  interference  effect  caused  by  the 
large  refractive  index  step  at  the  GaAs  spacer  and 
oxidized  AlAs  (refractive  index  changes  from  2.9 
to  1.55  at  0.98  |im  after  oxidation).  Therefore,  the 
AlAs  thickness  was  chosen  to  be  364  nm  to  form 
a  X/2  antireflective  layer  at  the  SQW  emission 
wavelength  after  oxidation,  taking  account  the 
thickness  shrinkage  and  the  index  change.  The 
thickness  of  the  GaAs  spacer  layer  in  the  sample 
without  the  AIGaAs  interface  layer  was  136  nm, 
which  corresponds  to  an  optically  X/2-thick  layer. 
For  the  three  samples  with  the  AIGaAs  interface 
layer,  the  GaAs  spacer  thickness  was  adjusted, 
trying  as  far  as  possible  to  keep  the  optical  separa¬ 
tion  of  the  InGaAs  and  AlAs  constant  (~3./2). 
Numerical  calculations  using  a  standard  matrix 
method[12]  showed  the  expected  change  in  the  PL 
intensity  produced  by  the  interference  effect  to  be 
less  than  15  %  even  after  considering  a  +5% 
thickness  variation.  Selective  oxidation  was  per¬ 
formed  in  a  standard  way,[13]  using  chemical 


3.  Results 

We  first  confirmed  that  the  quality  of  the  SQW 
itself  remains  unaffected  after  the  oxidation  pro¬ 
cess  by  low  temperature  (77  K)  PL  measurements; 
the  luminescence  efficiency  and  the  full  width  at 
half  maximum  of  the  spectra  (FWHM:  typically  5- 
8  meV)  were  identical  before  and  after  oxidation 
for  all  four  samples.  The  room  temperature  PL 
spectra  for  the  sample  without  the  AIGaAs  inter¬ 
face  layer  on  the  other  hand,  showed  substantial 
reduction  after  oxidation,  corresponding  to  a  one 
tenth  reduction  in  the  luminescence  efficiency, 
which  is  shown  in  Fig.  2,  indicating  an  efficient 
non-radiative  pathway  is  present  after  oxidation.  If 
the  active  layer  in  an  optical  device  has  such  an 
interface  to  an  oxide  layer,  high  performance  is 
hardly  expected  because  the  injected  carriers  are 
efficiently  trapped  at  the  interface.  This  drastic  in¬ 
tensity  reduction  can  be  improved  by  isolating  the 
QW  from  the  oxide/semiconductor  interface  by 
placing  the  AIGaAs  interface  layer  between  the 
GaAs  spacer  and  the  oxidized  AlAs.  This  interface 
layer  is  expected  to  be  unoxidized,  taking  advan¬ 
tage  of  the  fact  that  the  oxidation  rate  strongly  de¬ 
pends  on  the  aluminum  content.  [3] 

Figure  3  shows  the  PL  spectra  recorded  be¬ 
fore  and  after  oxidation  for  the  sample  grown  with 
a  20-nm  interface  layer.  As  can  be  seen  in  the  fig¬ 
ure,  PL  spectra  before  and  after  oxidation  are 
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Wavelength  (nm) 

FIG.  2.  Unnormalized  room  temperature  PL  spectra  before 
and  after  oxidation  of  the  samples  without  the  AlGaAs 
layer.  The  unoxidized  spectra  have  been  shifted  relative  to 
the  oxidized  spectrafor  clarity. 


Wavelength  (nm) 


FIG.  3.  Unnormalized  room  temperature  PL  spectra 
recorded  before  and  after  oxidation  of  the  QW  samples 
with  a  20  nm  AlGaAs  interface  layer. 

almost  identical  in  their  intensities  and  FWHMs, 
indicating  that  the  emission  from  the  SQW  is  in¬ 
sensitive  to  the  oxide/semiconductor  interface.  The 
integrated  PL  intensity  after  oxidation  (normalized 
to  that  before  oxidation)  are  plotted  in  Fig.  4  as  a 
function  of  the  AlGaAs  layer  thickness.  It  is  evi¬ 
dent  that  for  the  samples  grown  with  an  AlGaAs 
interface  layer  of  20  nm  or  larger,  the  PL  from  the 
SQW  is  clearly  unaffected  by  the  oxidation  pro¬ 
cess. 


AlGaAs  interface  layer  thickness  (nm) 

FIG.  4.  Variation  of  Ihe  spectrally  integrated  PL  intensity 
after  oxidatbn  as  a  function  of  the  AlGaAs  interface  layer 
thickness.  The  integrated  PL  intensities  have  been 
normalized  to  that  of  the  as  grown  material. 

Similar  results  were  obtained  in  the  tempera¬ 
ture  dependent  PL  measurements.  The  integrated 
PL  intensities  are  plotted  against  inverse  tempera¬ 
ture  for  the  samples  without  the  AlGaAs  interface 
layer  (Fig.  5)  and  with  a  30-nm-thick  AlGaAs  in¬ 
terface  layer  (Fig.  6).  In  each  figure,  the  oxidized 
material  is  compared  to  the  material  before  oxida¬ 
tion.  As  can  be  seen  in  the  figures,  the  sample 
with  a  direct  interface  between  the  GaAs  spacer 
and  oxidized  AlAs  showed  a  lower  quenching 
temperature  (defined  as  the  temperature  above 
which  the  PL  intensity  starts  decreasing)  after  oxi¬ 
dation,  while  the  data  is  identical,  before  and  after 
oxidation,  for  the  sample  with  a  30-nm-thick 
AlGaAs  interface  layer. 

The  results  obtained  above  can  be  explained  as 
follows;  carriers  generated  in  the  GaAs  layer  and 
which  thermally  escape  from  the  SQW  are  effec¬ 
tively  blocked  by  the  wider  bandgap  AlGaAs  in¬ 
terface  layer  (>  20  nm),  and  therefore  the  electron 
wave  function  does  not  overlap  the  non-radiative 
centers  believed  to  be  located  at  the  oxide/semi¬ 
conductor  interface;  while  in  the  sample  with  the 
10  nm  interface  layer  the  isolation  is  not  sufficient 
and  carriers  in  the  GaAs  are  still  efficiently  trapped 
by  the  deep  non-radiative  centers. 
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FIG.  5.  Variation  of  the  PL  intensi^  versus  T"'  lecorded 
before  and  after  oxidation  of  the  samples  without  AIGaAs 
layer.  The  solid  lines  ate  guides  for  the  eye. 


the  interference  effect  caused  by  the  large  refrac¬ 
tive  index  step  between  the  oxide  and  semiconduc¬ 
tor.  A  20-nm-thick  Alo.38Gao,62As  interface  layer 
placed  between  the  SQW  and  the  oxidized  AlAs 
was  found  to  preserve  the  room  temperature  PL 
intensity  after  oxidation,  while  an  efficient  non- 
radiative  recombination  channel  is  detected  in  an 
oxidized  sample  with  a  direct  interface  between  the 
SQW  and  oxidized  AlAs  and  also  in  a  sample  with 
a  10-nm-thick  AIGaAs  interface  layer.  These  re¬ 
sults  should  play  an  important  role  in  the  design  of 
oxide  based  optoelectronic  devices  operated  at 
room  temperature. 


FIG.  6.  Variation  of  the  PL  intensity  versus  T'*  tecorded 
before  and  after  oxidation  of  the  sampies  with  30-nm-thick 
AIGaAs  layer.  The  solid  line  is  a  guide  for  the  eye. 


4 .  Conclusion 

In  conclusion,  we  have  presented  data  on  the  ef¬ 
fects  of  selective  wet  oxidation  in  a  series  of 
InGaAs/GaAs  SQW's  adjacent  to  an  AlAs  layer. 
Room  temperature  PL  intensities,  which  provides 
direct  information  for  practical  device  applications, 
were  compared  before  and  after  oxidation  using  a 
sample  structure  carefully  designed  to  minimize 
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In-situ  monitoring  of  the  selective  etching  of  antimonides  in 
GaSb/AlSb/InAs  heterostructures  using  Raman  spectroscopy 
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Abstract.  The  in-situ  reai-time  monitoring  of  the  selective  etching  of  semiconductor  structures  with  a 
Raman  microprobe  system  is  demonstrated  for  the  first  time.  The  technique  that  is  appiied  to 
GaSb/AISb/InAs  heterostructures  ailows  the  accurate  timing  of  the  etching  as  well  as  a  study  of  the  chemistry 
of  the  etching  process  and  can  be  applied  to  many  problems  in  processing  of  compound  semiconductors. 
During  etching  of  AlSb  a  surface  layer  rich  in  Sb  builds  up  that  slows  down  the  etch  rate  whereas  GaSb  is 
etched  without  producing  this  residue  layer.  The  origin  of  the  antimony  layer  is  explained. 


1.  Introduction 

Fabrication  of  devices  from  semiconductor  heterostructures  often  involves  selective  etching  as  a 
crucial  step.  For  quantum  devices  it  is  important  to  be  able  to  control  the  etching  process  because 
epitaxial  layers  can  be  as  thin  as  a  few  nanometers.  Raman  spectroscopy  is  a  very  powerful  method  in 
this  context  because  it  can  provide  very  rapid  compositional  analysis  of  the  material  near  the  surface  of 
a  sample.  Moreover,  the  use  of  a  microprobe  with  a  lateral  resolution  in  the  micrometer  region  allows  a 
local  analysis  of  material  properties  compatible  with  the  dimensions  of  state-of-the-art  devices. 

In  this  paper  we  demonstrate  the  in-situ  monitoring  of  selective  etching  in  InAs/AlSb/GaSb 
heterojunctions.  There  has  been  much  recent  interest  in  this  materials  system  for  devices  such  as 
resonant  tunnelling  diodes,  high  electron  mobility  transistors  and  quantum  wires.  A  common 
application  of  selective  etching  in  the  processing  of  these  structures  is  the  selective  removal  of  the 
antimonides  to  allow  contacting  to  InAs.  Positive  photoresist  developer  Microposit  MF319  which  is  a 
hydroxide  solution  has  been  reported  to  be  an  etchant  that  removes  both  GaSb  and  AlGaSb  with  high 
selectivity  over  InAs  [1].  We  find  that  MF319  also  etches  AlSb.  However,  the  chemical  mechanism 
underlying  this  etching  has  not  been  fully  understood  as  yet. 

2.  Samples  and  Experiment 

The  etching  of  a  number  of  MBE  grown  samples  is  studied.  Sample  IC594  is  a  thick  1pm  GaSb  film. 
Sample  IC522  consists  of  SOOnm  of  AlSb  sandwiched  between  a  thin  6.5nm  GaSb  cap  and  a  400nm 
GaSb  buffer.  IC582  consists  of  a  12nm  GaSb  cap,  15nm  AlSb  barrier,  15nm  InAs  quantum  well,  20nm 
AlSb  barrier  and  a  GaSb  buffer  layer.  All  samples  were  grown  on  GaAs  substrates. 

Raman  spectra  are  collected  using  a  Renishaw  Raman  Microprobe.  All  spectra  are  unpolarised, 
and  taken  in  back-scattering  geometry,  with  the  514  nm  line  of  an  Ar'^  laser  as  the  excitation  source. 
The  experiment  is  carried  out  at  room  temperature.  The  samples  are  etched  in  MF319  while  Raman 
spectra  are  taken  through  the  etchant.  A  CCD  camera  records  the  Raman  signal,  and  sequential  60 
second  long  exposures  are  used.  To  maintain  the  etching  process  the  etchant  has  to  be  continuously 
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stirred.  Remarkably,  it  is  possible  to  obtain  spectra  through  the  liquid  with  satisfactory  signal  to  noise 
ratios  even  though  the  agitation  leads  to  a  random  change  of  focus  of  the  probing  laser  beam. 

3.  Results  and  Discussion 

Fig.  1  and  2  show  representative  sequences  of  in-situ  Raman  spectra  of  the  etching  of  the 
heterostructure  samples.  Raman  spectra  of  the  etching  of  sample  IC594  are  shown  in  fig.  1.  The  two 
peaks  at  about  230  and  240  cm''  correspond  to  the  TO  and  LO  modes  of  GaSb,  respectively.  The 
spectrum  does  not  change  until  the  GaSb  is  etched  down  to  the  GaAs  after  about  56  minutes,  and  the 
LO  mode  of  GaAs  appears  at  about  290  cm''.  When  sample  IC522  is  etched  in  MF319  the  6.5nm  GaSb 
cap  disappears  completely  during  the  second  minute  (fig.  2).  The  AlSb  layer  underneath  the  cap  is 
visible  even  before  etching  as  the  penetration  depth  in  GaSb  (about  8  nm)  is  larger  than  the  cap 
thickness.  After  removal  of  the  cap  an  additional  peak  appears  that  has  to  be  attributed  to  products  of 
the  etching  of  AlSb.  This  broad  peak  centred  around  150  cm''  can  be  identified  as  amorphous  Sb  (cf. 
[2-3]).  While  the  signal  from  AlSb  disappears  within  2  minutes  after  the  GaSb  cap  is  removed,  the  a- 
Sb  peak  increases  reaching  maximum  intensity  after  6  minutes,  and  remains  unchanged  for  the  next  10 
minutes.  After  a  total  etching  time  of  20  minutes  all  a-Sb  is  removed  and  the  GaSb  epilayer  underneath 
the  AlSb  becomes  visible.  It  is  essential  that  the  etchant  is  stirred  continuously.  Without  this  agitation 
the  etching  comes  to  a  halt.  The  a-Sb  layer  (probably  mixed  with  oxides)  protects  the  AlSb  underneath 
and  prevents  further  etching. 

However,  agitation  restarts  the  etching  process  by  dissolving  this  residue.  Note  that,  as  in  fig.  1 ,  no  Sb 
is  observable  while  GaSb  is  being  etched.  After  additional  20  minutes  a  peak  from  the  GaAs 


Figure  1  Raman  spectra  of  Ijim  GaSb  film  grown  on  a  GaAs  substrate  (sample  IC594)  etched  in  photoresist 
developer  MF319  The  lowest  line  shows  the  spectrum  of  the  unetched  sample.  The  upper  line  are  spectra  taken  in-situ 
through  the  stirred  etchant.  The  acquisition  time  for  each  of  the  scans  is  1  minute,  e.g.  the  spectrum  labelled  “5  min”  is 
acquired  between  4  and  5  minutes  after  the  etching  is  started. 
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Figure  2  Raman  spectra  of  a  sample  of  0.8pm  AlSb  sandwiched  between  a  6.5nm  GaSb  cap  and  a  0.4pm  GaSb 
buffer  (IC522)  etched  in  photoresist  developer  MF319  (see  fig.  I  for  explanations) 

substrate  adds  to  the  signal  from  GaSb.  Finally,  all  GaSb  disappears. 

The  initial  stages  of  the  etching  of  sample  IC582  is  very  similar  to  that  of  IC522  (no  figure). 
The  12  nm  GaSb  cap  is  removed  after  8  minutes;  then,  the  spectra  show  the  appearance  of  a-Sb.  After 
an  overall  etching  time  of  30  minutes  the  a-Sb  feature  reduces  and  the  InAs  LO  mode  becomes 
observable.  Afterwards  the  Raman  spectra  do  not  change  for  at  least  60  minutes  which  is  consistent 
with  MF319  etching  being  stopped  at  InAs. 

To  understand  the  difference  in  the  etching  of  GaSb  and  AlSb  that  is  apparent  in  the  Raman 
spectra  we  have  to  examine  the  chemistry  of  the  etching  process.  In  general,  the  chemical  reaction 
underlying  wet  etching  of  a  AmBv  semiconductor  is  believed  to  consist  of  three  steps:  (i) 
decomposition  of  the  compound  into  ions,  (ii)  reaction  with  OH'  ions  of  the  etchant  to  A2O3  and  B2O3 
and  (iii)  solution  of  the  oxides  in  the  etchant.  Our  experiment  shows  that,  in  the  case  of  etching  of 
AlSb,  a  surface  layer  rich  in  Sb  is  built  whereas  when  GaSb  is  etched  no  elemental  Sb  appears.  This 
difference  in  the  etching  behaviour  can  be  explained  by  the  difference  in  reaction  heat  between  A1  and 
Ga  which  is  also  responsible  for  the  fact  that  AlSb  disintegrates  under  ambient  atmosphere  whereas 
GaSb  is  stable.  A1  immediately  oxidises  on  contact  with  OH'  ions.  Sb  reacts  much  more  slowly  so 
there  are  atoms  left  over  without  reaction  partners  and  an  a-Sb  layer  is  built  on  the  AlSb  surface.  This 
is  similar  to  the  observation  that  when  AmBv  material  is  oxidised  there  is  in  many  cases  a  higher 
proportion  of  A-oxide  than  B-oxide  which  can  lead  to  an  enrichment  of  elemental  B  in  the  oxide  [4].  In 
contrast,  when  GaSb  is  etched  the  reactivities  of  the  III  and  the  V  elements  are  more  balanced  and  most 
Sb  oxidises  and  is  dissolved  in  the  etchant.  No  elemental  Sb  is  left  behind. 
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Figure  3  Etching  depth  for  etching  of  ICS22  and  ICS94  in  photoresist  developer  MF319 

A  measurement  of  the  etching  depth  using  a  Dektak  stepper  confirms  the  different  etching  of 
GaSb  and  AlSb  (fig.  3).  For  GaSb  the  etch  rate  is  constant  at  0.3  nm/s.  This  rate  is  also  inferred  from 
the  series  of  Raman  spectra  in  fig.  1.  For  AlSb  the  situation  is  very  different.  During  the  first  30 
seconds  of  etching  sample  IC522  the  thickness  of  the  region  which  is  exposed  to  the  etchant  is 
reduced.  Then,  it  increases  rapidly  by  more  than  300  nm.  It  is  only  after  the  first  2  minutes  that  this 
increase  is  stopped  and  we  observe  a  steady  reduction  of  the  thickness  with  an  initial  rate  of  0.7  nm/s. 
From  the  Raman  spectra  in  fig.  2  we  see  that  this  process  is  linked  to  the  removal  of  the  thin  GaSb  cap, 
the  appearance  of  a-Sb  from  AlSb  and  finally  its  removal. 

The  combined  information  from  the  thiekness  measurement  and  the  Raman  spectra  leads  to  the 
following  explanation  of  the  process.  Once  the  AlSb  gets  into  contact  with  the  etchant  it  disintegrates 
very  rapidly.  The  A1  reacts  to  aluminium  oxide  which  is  thicker  than  the  semiconductor  monocrystal. 
This  leads  to  the  increase  of  the  film  thickness  shown  in  fig.  3.  The  Sb  is  left  behind  as  a  residue  which 
slows  down  etching  and  is  appearant  in  the  Raman  spectra  in  fig.  2. 

4.  Conclusions 

A  new  technique  of  in-situ  Raman  spectroscopy  of  wet  etching  is  described  and  demonstrated  for  the 
selective  etching  of  antimonides.  We  show  that  the  technique  allows  the  real-time  monitoring  of  the 
etching  and  an  improved  analysis  of  the  chemistry  of  the  etching  process.  It  is  found  that  during  the 
etching  of  AlSb  a-Sb  is  present  at  the  semiconductor  surface  whereas  GaSb  is  etched  without  this 
residue.  The  reason  for  the  different  etching  behaviour  are  the  different  reaction  heats  of  Ga  and  Al. 
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Abstract.  The  low  frequency  noise  of  lattice-matched  InP-based  HEMTs  gate  recess  etched  with  CH4/H2 
RIE  and  phosphoric-acid  based  wet  etchants  was  studied  at  different  gate  and  drain  biases  in  a  temperature 
range  of  77  K  to  340  K.  The  measurements  showed  a  significantly  lower  normalized  drain  current  1/f  noise 
for  the  dry  etched  HEMTs  in  all  bias  conditions.  Varying  the  temperature,  four  electron  traps  could  be 
identified  in  the  drain  current  noise  spectra  for  both  dry  and  wet  etched  devices.  No  additional  traps  were 
introduced  through  the  dry  etching  step.  The  concentration  of  the  main  trap  in  the  Schottky  layer  is  one  order 
of  magnitude  lower  for  the  dry  etched  HEMTs  probably  due  to  hydrogen  trap  passivation.  The  kink  effect  in 
the  dry  etched  HEMTs  was  observed  to  be  reduced  significantly  compared  with  wet  etched  devices  which 
gives  further  evidence  of  trap  passivation  during  dry  etching. 


1.  Introduction 

During  the  past  several  years  significant  improvements  have  been  presented  for  the  high  frequency  and 
noise  performance  of  High  Electron  Mobility  Transistors  (HEMTs).  At  the  present  time  InP  based 
HEMTs  exhibit  the  highest  cut-off  frequencies  and  the  lowest  microwave  noise  of  all  three  terminal 
semiconductor  devices.  Therefore  InP  HEMTs  are  very  attractive  for  integrated  microwave  and  milli¬ 
meter  wave  applications  [1].  The  low  frequency  noise  behavior  of  these  devices  is  of  significant  impor¬ 
tance  for  nonlinear  circuits  such  as  oscillators  and  mixers.  Thus,  achieving  low  1/f  and  G-R  noise  levels 
is  critical  for  sensitive  circuit  applications. 

Reproducible  transistor  parameters  are  essential  for  mm-wave  circuits.  The  precise  definition  of  the 
gate  recess  in  HEMT  devices  is  important  to  ensure  uniform  device  parameters.  For  small  feature  sizes, 
wet  etching  techniques  suffer  from  surface  wetting  problems  which  reduce  the  uniformity  of  the 
devices.  Dry  etching  techniques  can  provide  more  controllable  etching  characteristics  [2].  However,  the 
Reactive  Ion  Etching  (RIE)  process  may  introduce  surface  damage  through  ion  bombardment,  preferen¬ 
tial  etching  of  surface  elements  and  hydrogen  passivation  of  donors  and  traps.  These  defects  can  have 
detrimental  effects  on  the  noise  performance  of  dry  etched  transistors.  Concerning  the  microwave  chan¬ 
nel  noise,  no  significant  difference  between  dry  and  wet  etched  InP  HEMTs  could  be  observed  [3].  Up 
to  now,  only  little  work  has  been  done  on  the  low  frequency  noise  properties  of  dry  etched  HEMTs.  In 
this  work,  we  investigate  the  influence  of  methane/hydrogen  RIE  of  InP-based  HEMTs  on  the  low  fre¬ 
quency  drain  noise  spectra  and  compare  the  spectra  of  dry  and  wet  etched  devices. 


2.  Experiment 

HEMTs  have  been  fabricated  on  lattice-matched  InGaAs/InAlAs  heterostructures.  For  the  dry  etched 
devices,  the  gate  recess  was  etched  using  a  selective  CH4/H2  reactive  ion  etching  (RIE)  process,  see  [4] 
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for  further  details.  The  InAlAs  Schottky  layer  of  the  HEMT  structure  acted  as  an  etch  stop  layer  with  a 
selectivity  of  more  than  100  thus  ensuring  uniform  device  parameters.  The  length  of  the  fabricated  T- 
gates  was  0.2  (xm.  For  direct  comparison,  HEMTs  with  gate  recesses  etched  with  a  solution  of 
H3P04:H202:H20  1:1:150  were  processed.  The  drain  current  noise  was  measured  at  different  drain  and 
gate  biases  in  the  frequency  range  from  1  Hz  to  100  kHz  using  a  computer-controlled  setup  based  on  a 
HP  3562A  dynamic  signal  analyzer.  The  temperature  was  varied  from  77  K  to  340  K  using  a  cryostat. 


3.  Results 

In  Fig.  1 ,  the  normalized  low-frequency  drain  current  noise  spectra  are  shown  at  room  temperature  for 
dry  and  wet  etched  devices  at  a  drain  bias  of  15  mV,  i.e.  in  the  linear  region  of  device  operation.  It  is 
clearly  seen  that  the  dry  etched  device  exhibits  lower  noise,  i.e.  lower  1/f  and  generation-recombination 
(G-R)  noise  compared  with  the  wet  etched  device.  In  order  to  be  sure  that  the  observed  difference  in  the 
current  1/f  noise  is  not  only  due  to  better  charge-control  characteristics  for  the  dry  etched  case,  the 
Hooge  parameters  [5]  have  been  calculated  and  are  shown  in  Fig.  2.  For  any  gate  bias,  the  dry 
etched  devices  exhibit  lower  Hooge  parameters,  hence  less  1/f  noise. 

Varying  the  temperature  in  the  range  of  77  K  -  340  K,  four  discrete  Lorentzian  components  could  be 
identified  in  the  low-frequency  drain  current  noise  spectra.  The  Arrhenius  plot  of  the  deep  level  traps  is 
shown  in  Fig.  3.  The  activation  energies  of  the  detected  traps  were  as  follows:  Ej:  =  0.50  eV,  E2: 
E5  =  0.31  eV,  E3:  Ej  =  0.22  eV,  E4:  E,.  =  0.18  eV.  All  traps  that  appear  in  the  wet  etched  devices  are 
also  visible  in  the  dry  etched  HEMTs.  There  are  no  additional  traps  detectable  after  dry  etching  which  is 
an  indication  for  a  low  damage  dry  etching  process.  The  traps  Ej,  E2  and  E3  are  probably  located  in  the 
Schottky  layer  and  origin  from  defects  introduced  during  MBE  growth  [6].  From  analytical  modeling  of 
the  transfer  characteristics,  the  concentration  of  the  dominant  trap  E]  was  estimated  to  be  5*10*^  cm"^ 


Frequency  [Hz] 


Fig.  1:  Normalized  low  frequency  drain  current  noise  spectra  of  dry  and  wet  etched  HEMTs  in  the 
linear  region  (Ujs  =15  mV)  at  T  =  300  K. 
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Fig.  2:  Gate  bias  dependence  of  the  Hooge  parameter  a,*  for  dry  and  wet  etched  HEMTs  at  room 

temperature. 

for  the  wet  etched  devices.  The  trap  concentration  in  the  dry  etched  HEMTs  is  about  one  order  of  mag¬ 
nitude  lower.  We  attribute  the  reduction  of  the  trap  concentration  to  hydrogen  deep  level  trap  passiva- 

^  ThSk  efftcUn  MP-baLd  HEMtI  is  commonly  believed  to  be  associated  with 

the  InAlAs  layers  or  at  interfaces  [8].  In  Fig.  4,  the  output  characteristics  of  dry  and  wet  etched  HEMTs 

are  shown.  For  the  wet  etched  devices,  the  kink  appears  for  dram-source  voltages 

V.  It  can  clearly  be  seen  that  the  kink  effect  is  reduced  considerably  in  the  dry  etched  HEMTs.  We 

attribute  this  mainly  to  the  passivation  of  electron  traps  during  the  dry  etching  step. 


Fig.  3:  Arrhenius  plot  of  G-R  noise  components  in  dry  and  wet  etched  HEMTs  (Ujs  -  15  mV). 
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Drain  voltage  [V] 


Fig.  4:  Output  characteristics  of  dry  and  wet  etched  HEMTs.  The  gate  voltage  was  varied  in  steps  of 

0.2  V  with  a  largest  bias  of  0.4  V. 


4.  Conclusions 

We  present  the  low  frequency  noise  performance  of  dry  and  wet  etched  InP-based  HEMTs.  The  1/f 
drain  current  noise  is  considerably  lower  in  the  dry  etched  devices.  Examining  the  G-R  components  in 
the  noise  spectra,  we  found  the  same  four  discrete  traps  in  both  device  types.  No  additional  traps  have 
been  introduced  during  the  dry  etching  step  which  is  an  indication  of  a  low  damage  process.  The  trap 
density  in  the  dry  etched  HEMTs  was  one  order  of  magnitude  lower  compared  with  the  wet  etched 
ones.  We  attribute  this  differences  to  hydrogen  passivation  of  deep  level  traps.  Comparing  the  output 
characteristics,  the  dry  etched  HEMTs  showed  a  largely  reduced  kink  effect.  The  suitability  of  dry 
etched  HEMTs  for  high  frequency  applications  due  to  their  higher  uniformity  compared  with  wet 
etched  ones  and  their  low  microwave  noise  has  already  been  shown  [3].  Regarding  the  observed  lower 
1/f  and  G-R  noise  components,  our  results  show  that  RIE  gate  recess  etching  is  a  very  promising  tech¬ 
nique  for  low  frequency  noise  sensitive  applications  like  oscillators  and  mixers. 
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Abstract,  We  demonstrate  InGaAs/AIGaAs/GaAs  single  quantum  well  surface-emitting  laser  (SEL)  with 
integrated  twin-guide  structure  (ITG).  Integrated  twin-guide  lasers  have  been  designed  with  normal-mode 
analysis  at  )t.=980  nm  to  achieve  maximum  coupling  efficiency.  Then,  we  have  utilized  comer  reflectors 
(CR’s)  on  ITG  stmcture  and  angled  beam  deflectors  tilted  45°  with  respect  to  the  surface  plane.  The  corner 
reflectors  and  the  45°  beam  deflectors  were  made  by  RIBE  in  order  to  have  high  power  surface-emitting 
lasers  (SEL’s).  Comer  reflectors  were  formed  for  ITG’s  active  layer  and  45°  angled  deflectors  were  located 
at  the  end  of  the  output  waveguide.  ITG-CR-SEL*s  were  characterized  with  near-field  intensity. 


1.  Introduction 

Surface-emitting  lasers  (SEL’s)  are  attractive  devices  for  optical  interconnection  and  two-dimensional 
laser  array  for  optical  communication.  Several  different  structures  for  SEL’s  have  been  reported,  such 
as  vertical-cavity  SEL’s  (VCSEL’s),  distributed  Bragg  grating  SEL’s,  and  in-plan  lasers  with  45° beam 
deflectors.  Recently,  high-power  and  low-threshold  folded  cavity  SEL’s  (FCSEL’s)  have  been 
fabricated  using  the  dry  etching  techniques.  Considering  the  output  beam  power,  in-plan  laser  SEL’s 
are  more  favorable  than  V CSEL’  s[  1 ,2] . 

For  this  reason,  in  this  work,  we  have  fabricated  surface-emitting  lasers  (SEL’s)  with  comer 
reflectors  (CR’s)  and  external  45°  beam  deflectors.  Integrated  twin-guide  (ITG)^  structure  was 
proposed  in  the  late  70s  for  applications  to  opto-electronic  integrated  circuits  (OEIC’s).  But,  at  that 
time  the  fabrication  technique  was  not  fully  developed  for  the  efficient  coupling  efficiency  to  output 
waveguide.  Nowadays,  metalorganic  chemical  vapor  deposition  (MOCVD)  can  give  precise  epitaxy 
controllability,  reproducibility,  and  very  high  uniformity  by  using  in  situ  monitoring  techniques[3].  In 
addition  to  the  epitaxy,  the  dry  etching  techniques,  such  as  reactive  ion  etching  (RIE),  electron 
cyclotron  resonance  (ECR)  etching  or  reactive  ion-beam  etching  (RIBE),  have  been  also  well 
developed  for  compound  semiconductors[4,5].  By  using  these  dry  etching  techniques,  the  angled  beam 
deflector  cab  be  formed  with  a  good  surface  morphology. 

As  compared  with  the  other  SEL’s,  ITG-CR-SEL’s  have  some  advantages:  1)  there’s  no  unguided 
region.;  2)  it  has  a  flexibility  of  bending  the  output  light  beam.;  3)  it’s  possible  to  integrate  this  device 
with  others  for  OEIC’s.  The  ITG  structure  with  CR’s  can  operate  as  laser  diode,  detector  or  external 
modulator  depending  on  the  characteristics  of  applied  voltages.  By  locating  these  stractures  on  the 
network  of  waveguides,  complex  OEIC’s  can  be  implemented. 
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Light  Output 


45°  Angled  Deflector 
(second  RIBE  step) 

Comer  Reflector 
(first  RIBE  step) 

Fig.  1  Schematic  view  of  the  fabricated  ITG-CR-SEL 
with  an  angled  deflector. 


single  waveguide  mode 

Fig.2  Cross  sectional  view  of  ITG-CR-SEL  laser  structure. 


2.  Simulation  and  Experiments 

ITG  laser  structure  with  etched  facets  has  been  designed  by  normal-mode  analysis  for  InGaAs- 
AlGaAs-GaAs  graded  index  separated  confinement  heterostructure  (GRINSCH)  single  quantum  well 
laser.  The  structure  was  optimized  in  order  to  obtain  a  maximum  coupling  efficiency  into  the  output 
waveguide  under  the  phase  matching  condition  fulfilled  at  a  wavelength  of  980  nm  [6].  The  layer 
structure  Eind  the  material  parameters  are  listed  in  Table  I.  According  to  our  calculation  results,  the 
coupling  length  was  93  /im,  and  the  coupling  efficiency  to  the  output  waveguide  was  98%, 

Comer  reflector  was  used  for  the  formation  of  the  etched  facets  of  ITG  laser.  Since  a  comer 
reflector  has  a  high  reflectivity  and  a  low  scattering  loss,  low  threshold  current  can  be  achieved  [7]. 
45°  beam  deflectors  were  located  at  the  end  of  the  external  output  waveguide  to  deflect  the  light  power 
to  surface  normal.  Fig.  1  illustrates  the  schematic  view  of  the  fabricated  ITG-CR-SEL,  consisting  of  a 
twin-guide  layers,  two  comer  reflector,  and  an  external  45°  beam  deflectors.  In  this  structure,  lasing 
light  is  coupled  to  the  waveguide  layer  below  the  active  layer  as  a  result  of  the  evanescent  coupling. 
Fig.  2  shows  the  cross  sectional  view  of  ITG-CR-SEL. 

InGaAs-AlGaAs-GaAs  materials  were  grown  in  AIXTRON  200  low-pressure  MOCVD  with  a 


Table  I,  Structure  Parameters  of  the  ITG  Laser. 


Laver 

Composition 

Refractive  index* 

Thickness 

p-ohmic  contact 

p+-GaAs 

3.5122 

2000A 

cladding 

P'Alq^GaosAs 

3.2381 

1.2pm 

GRINSCH 

Alo.5Gao.5As  — ►  GaAs 

3.2381-*’  3.5122 

1500A 

active  (SQW) 

Ino.2Gao,8As/GaAs 

3.5258/3.5122 

70A/100A 

GRINSCH 

GaAs  -►  AIosGao.sAs 

3.5122-*-  3.2381 

1500A 

separation 

N”  Alo.5Gao,5As 

3.2381 

5500A 

waveguide 

N-  Alo,26Gao.74As 

3.3608 

5270A 

cladding 

N”  Alo,5Gao.5As 

3.2381 

1.2pm 

buffer 

n-GaAs 

l.Opm 

substrate 

n-GaAs 

♦  refractive  index  at  A  =  980  nm  from  Ref  [8], 
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Fig.  3  Simulation  result  for  the  threshold  current  density  of  ITG  laser. 

tailored  reactor  for  in  situ  laser  reflectometry  with  which  we  could  obtain  growth  thickness  accuracy 
within  ±1%  error.  The  ITG  laser  structure  consisted  of  70-A  Ino.2Gao  8As-  100-A  GaAs  GRINSCH 
SQW  laser,  as  listed  in  Table  I.  A  Si02-Ti-NiCr  (2000  A/  300  A/  1000  A)  layer  was  deposited  by  e- 
beam  evaporator  for  a  current  blocking  layer.  This  evaporated  layer  was  also  used  as  a  dry-etch 
masking  material.  The  deposition  of  a  Ti-Au-NiCr  (500  A/  2000  A/  1000  A)  layer  by  thermal- 
evaporation  followed  the  current  stripe  opening  process  for  p-contact  metal  on  the  current  blocking 
layer.  The  cavity  length  was  280  fim  at  which  the  coupling  efficiency  had  a  maximum  value,  and  the 
cavity  width  was  20  /<m. 

Both  comer  reflectors  and  angled  deflectors  were  formed  by  RIBE.  In  order  to  precisely  control  the 
etching  depth  with  100  A  resolution,  etching  process  was  also  monitored  by  the  in  situ  laser 
reflectometry.  RIBE  was  performed  in  Ar-Ch  gas  mixture  with  an  1000  eV  ion-source  power  for 
corner  reflectors.  The  etching  depth  was  1 .93  fim  which  corresponded  to  2000  A  below  the  top  of  the 
separation  layer.  After  deposition  of  the  Cr  for  mask  material,  the  external  45°  beam  deflectors  at  the 
output  waveguide  layer  was  made  by  second  step  RIBE  under  1100  eV  ion-source  power.  The  angled 
beam  deflector  could  be  achieved  by  tilting  the  substrate  45°  in  RIBE.  After  the  deflector  etching,  the 
Cr  mask  material  was  removed.  Then,  the  wafer  was  lapped  down  to  about  100  fim,  and  a  AuGe-Ni- 
Au  was  deposited  on  the  bottom  of  the  wafer  as  n-contact  material. 


3.  Results  and  Discussion 

As  shown  in  the  SEM  photograph  of  Fig.  4,  the  reverse  mesa  etched  beam  deflector  is  tilted  by  about 
45°.  For  the  effective  output  coupling  to  surface,  the  external  output  waveguide  should  have  a  proper 
cladding  layer  thickness.  The  upper  cladding  layer  thickness  was  3500  A  and  the  vertical  etching 
depth  of  45°  beam  deflector  was  1.35  fim.  Atomic  force  microscope  (AFM)  was  utilized  for  an 
investigation  of  the  etched  surface  morphology  and  the  effect  of  pinnacles  at  the  reflectivity.  The 
scanned  area  was  1.2xl.2  fim^.  We  could  obtain  the  arithmetic  average  surface  roughness  of  75.8  A, 
as  shown  in  Fig.  5.  This  value  is  an  evidence  that  the  pinnacles  are  at  the  outside  of  45°  beam  deflector, 
so  that  they  are  not  thought  to  affect  the  reflectivity.  In  Fig.  6,  a  near-field  intensity  of  ITG-CR-SEL 
from  the  45°  beam  deflector  is  illustrated.  The  full  width  at  half  maximum  (FWHM)  in  the  lateral  and 
the  transverse  direction  were  1 8  fim  and  1 .3  ftm,  respectively. 
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Fig.  4  SEM  photograph  of  an  ion  beam-etched  45°  beam  Fig.  5  AFM  image  of  the  ion  beam-etched  surface, 

deflector. 


Fig.  6  Near-field  intensity  from  the  beam  deflector  at  threshold  current 


4.  Conclusions 

We  report  the  fabrication  of  integrated  twin-guide  comer  reflector  surface-emitting  InGaAs-GaAs 
lasers.  Dry-etching  technique  was  utilized  for  the  formation  of  comer  reflector  and  the  45°  beam 
deflector.  The  dry-etched  surface  roughness  was  estimated  as  75.8  A.  ITG-CR-SEL  has  a  potential  for 
the  implementation  of  optoelectronic  devices. 


Acknowledgments 

This  work  was  financially  supported  by  Korea  Science  and  Engineering  Foundation  (KOSEF)  through 
Opto-Electronics  Research  Center  (OERC). 


References 

[1]  Fl.  P.  Lee,  A.  Scherer,  E.  D.  Beebe,  W.  P.  Hong,  R.  Bhat,  and  M.  A.  Koza  1992  Electron.  Lett.  28  580-582 

[2]  Y.  Cheng,  G.  M.  Yang,  and  P.  D.  Dapkus  1995  IEEE  Photon.  Techno!.  Lett.  7  1 104-1 106 

[3]  H.  Q.  Hou,  H.  C.  Chui,  K.  D.  Choquette,  B.  E.  Hammons,  W.  G.  Breiland,  and  K.  D.  Geib  1996  IEEE  Photon. 
Technol.  Lett.  8  1285-1287 

[4]  Z.  J.  Fang,  G.  M.  Smith,  D.  V.  Forbes,  and  J,  J.  Coleman  1994  IEEE  Photon.  Technol.  Lett.  6  10-12 

[5]  K.  Hamamoto,  H.  Chida,  T.  Miyazaki,  and  S.  Ishikawa  1995  IEEE  Photon.  Technol.  Lett.  7  602-604 

[6]  H.  Ribot,  P.  Sansonetti,  and  A.  Carenco  1990  lEEEJ.  Quantum  Electron.  26  1930-1941 

[7]  B.  B.  Jian  1996  IEEE  Photon.  Technol  Lett.  8  1609-161 1 

[8]  J.  H.  Shin  and  Y.  H.  Lee  1994  J.  Appi  Phys.  76  8048-8050 


349 


Selective  and  non-selective  etching  of  GaN,  AlGaN,  and  AIN  using 
an  inductively  coupled  plasma 


S.  A.  Smith*,  C.  A.  Wolden,  M.  D.  Bremser,  A.  D.  Hanser,  and  R.  F.  Davis 

Department  of  Materials  Science  and  Engineering,  North  Carolina  State  University,  Raleigh,  North  Carolina 
27695-7919 

W.  V.  Lampert 

Materials  Directorate,  Air  Force  Research  Laboratory,  Wright  Patterson  Air  Force  Base,  OH  45433-7750 
*  Permanent  address:  Materials  Directorate,  Air  Force  Research  Laboratory,  Wright  Patterson  Air  Force  Base, 
OH  45433-7750 

The  etching  behavior  of  gallium  nitride  (GaN)  has  been  systematically  examined  in  an  inductively  coupled 
plasma  (ICP)  using  Cl,  and  Ar  as  the  reagents.  Design  of  experiments  (DOE)  software  was  used  to  optimize 
the  etch  rate  as  well  as  determine  any  interactions  between  the  parameters  (ICP  power,  DC  bias,  and  pressure). 
Interactions  were  found  between  the  ICP  power  and  pressure  and  also  between  the  ICP  power  and  DC  bias. 
There  were  no  interactions  between  the  DC  bias  and  pressure.  Selective  etching  of  GaN  relative  to  AIN  and 
Al,sGa7,N  was  achieved  at  low  DC  biases.  At  -20  V,  the  GaN  etch  rates  were  38  times  greater  than  AIN  and 
a  factor  of  10  greater  than  Al  ,jGa,,N. 


1.  Introduction 

The  etching  of  GaN  and  the  alloy  Al,,Ga|„N  has  been  a  challenge  for  researchers  (jltie  to  the  strong  Ga-N 
and  Al-N  bonds  as  well  as  the  chemical  inertness  of  these  materials.  Different  plasma  sources,  namely 
capacitively  coupled,  inductively  coupled  (ICP),  and  electron  cyclotron  resonance  (ECR)  have  been 
employed  to  etch  these  materials.  Capacitively  coupled  plasma  sources  such  as  that  in  reactive  ion 
etchers  (REE)  have  produced  low  etch  rates  and  non-vertical  sidewalls  etching  these  materials  due  in  part 
to  low  plasma  densities  and  high  operating  pressures.[l]  High  density  plasma  discharges  such  as  (ECR) 
and  (ICP)  have  distinct  advantages  over  RIE  systems  that  in  addition  to  having  higher  plasma  densities, 
they  employ  lower  operating  pressures  and  dc  biases  that  are  controlled  separately  from  the  plasma 
source.  As  a  result,  higher  etch  rates,  vertical  sidewalls,  and  lower  etching  induced  damage  occurs. 

The  etch  selectivity  of  GaN  relative  to  AIN  and  Al,,Ga|.„N  is  of  significant  interest  for  the  fabrication 
of  Al,,Ga,.,,N  based  heterostructure  devices.  One  example  is  the  etch  penetration  through  a  GaN  capping 
layer  to  the  Al,Ga,.,,N  recessed  gate  in  a  high  electron  mobility  transistor.  Etching  of  the  latter  material 
should  be  minimal. 

In  this  paper  we  report  a  systematic  study  of  ICP  etching  ot  GaN  as  a  function  of  DC  bias,  ICP 
power,  and  pressure  using  a  Ch/Ar  chemistry.  To  minimize  the  number  of  experiments,  design  of 
experiments  (DOE)  software  was  used  to  optimize  the  etch  rates  with  respect  to  these  parameters. 
Selectivity  of  GaN  relative  to  AIN  and  Al„Ga|.,^N  is  also  discussed  as  a  function  of  DC  bias  at  low  dc 
biases. 


2.  Experiment 

2. 1  System  description 

The  ICP  system  was  a  custom  built,  41  cm  diameter  by  58  cm  tall,  loadlocked  stainless  steel  chamber. 
The  RF  power  was  coupled  through  a  32.4  cm  diameter  quartz  window  at  the  top  of  the  chamber.  The 
inductive  source  was  a  planar,  4  turn,  23  cm  diameter  copper  coil  which  was  connected  to  an  RF  Power 
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Products  2  kW  RF  generator  operating  at  13.56  MHz  via  an  autotuning  matching  network.  Gas  was  fed 
into  the  chamber  through  a  stainless  steel  shower  ring  positioned  level  with  the  bottom  of  the  quartz 
window.  A  water-cooled  wafer  chuck  was  mounted  on  a  motor  driven  vertical  translation  stage  which 
had  30.5  cm  of  travel.  This  allowed  samples  to  be  transferred  between  the  loadlock  chamber  and  the 
processing  zone.  A  second  500  W  RF  source  was  connected  to  the  wafer  chuck  to  apply  a  controllable 

DC  bias  to  the  substrate.  The  substrate  cooling  water  was  maintained  at  16°C  to  prevent  the  baking  of 
photoresist  during  etching.  The  chamber  was  evacuated  by  an  Alcatel  900  I/s  turbomolecular  pump 
which  attained  a  base  pressure  of  10’’  torr. 

A  magnetic  bucket  containing  240  Nd-Fe-B  magnets  was  mounted  on  the  outside  perimeter  of  the 
chamber  to  increase  the  plasma  density  by  confining  the  electrons  to  a  central  volume  within  the  chamber. 
This  reduced  electron  losses  due  to  collisions  with  the  chamber  walls.  The  ions  were  also  confined  due 
to  electrostatic  coupling  with  the  electrons.  The  former  were  not  directly  affected  by  the  magnetic  field. 

2.2  Sample  preparation 

The  GaN,  AIN,  and  AljgGa^jN  samples  used  for  this  study  were  epitaxially  grown  on  6H-SiC-(0001) 
substrates  via  metalorg'anic'  vapor  phase  epitaxy  (MOVPE)  using  trimethylaluminum  (TMA)  and 
triethylgallium  (TEG)  as  the  A1  and  Ga  sources,  respectively,  and  NH,  as  the  nitrogen  source. [2,  3]  An 
=  100nm  AIN  buffer  layer  was  deposited  on  the  SiC  substrates  prior  to  the  growth  of  the  GaN  and  the 
A1  jgGa  7,N.  Preparation  of  the  samples  for  etching  employed  the  sequence  of  applying  a  Ni  coating, 
patterning  with  photoresist,  and  dipping  into  HNO,  to  etch  the  Ni  and  into  acetone  to  remove  the 
photoresist.  Just  prior  to  entiy  into  the  etching  system,  the  samples  were  dipped  into  HCl  for  10  minutes 
to  remove  oxygen  and  carbon  contaminants.  Samples  were  attached  to  a  7.6  cm  diameter  anodized 
aluminum  transport  plate  using  vacuum  grease  which  was  mounted  onto  the  wafer  chuck.  After  entry 
into  the  system  abase  pressure  of  <5*10'^torr  was  attained  before  the  etching  experiments  were  initiated. 


3.  Results 

3.1  Etch  rate  optimization 

For  this  study  three  parameters  were  optimized:  the  ICP  power,  DC  bias,  and  pressure  were  varied, 
while  the  gas  flows  and  concentrations  were  held  constant  at  20  seem  Cl,  and  5  seem  Ar.  The  ranges  for 
the  3  varied  parameters  were  as  follows:  ICP  power  =  100-1100  W,  DC  bias  =  50-450  V,  and  pressure 
=  1-1 1  mtorr.  Previous  experiments  had  shown  that  changing  the  gas  flow  rates  and  concentration 
minimally  affected  the  etch  rates  (<20%).  The  etch  depths  were  measured  using  a  Dektak  profilometer 
on  at  least  three  different  points  on  each  sample. 

To  determine  the  effects  of  interactions  between  parameters  and  their  affect  on  etch  rate  and  to 
optimize  the  etch  rate  SAS  IMP  statistical  software  was  employed  which  reduced  the  total  number  of 
experiments  from  150  to  20.  A  central  composite  design  was  chosen  as  it  uses  five  levels  of  each 
parameter  and  accounts  for  any  curvature  in  the  response.  Past  experiments  have  shown  that  none  of  the 
parameters  behave  linearly  with  the  etch  rate.  Table  I  shows  the  design  matrix  of  the  parameters  which 
were  varied  and  the  resultant  etch  rates.  As  can  be  seen  from  this  table,  there  are  15  different 
experiments  with  the  center  point  repeated  6  times. 

Figure  1  is  a  plot  of  contours  of  GaN  etch  rate  derived  from  the  data  in  Table  I.  In  this  type  of  plot, 
and  in  the  case  of  Figure  1,  one  parameter  (pressure)  was  varied  while  the  other  two  are  on  the  x  (ICP 
power)  and  y  (DC  bias)  axes.  The  individual  contours  are  of  equal  response  and  have  a  step  increase  of 
1000  A/min  between  lines.  This  type  of  analysis  can  be  very  useful  when  a  process  window  must  be 
identified  when  there  are  multiple  responses. 

A  plot  of  the  interaction  profiles  between  the  different  parameters  are  shown  in  Figure  2.  The 
interaction  plots  between  the  DC  bias  and  pressure  reveal  that  there  is  no  interdependence  between  them; 
whereas,  the  ICP  power  and  pressure  are  highly  dependent  on  each  other.  It  was  observed  that  the 
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Figure  1.  Contour  plot  derived  from  the  data  in  Table  I  of 
etching  rate  of  GaN  as  a  function  of  ICP  power  and  DC  bias 
at  5  mtorr.  The  contours  signify  etch  rate  in  A/min. 


Figure  2.  Interaction  profiles  that  show  the  interdependence 
between  ICP  power,  DC  bias,  and  pressure  on  the  etch  rate 
of  GaN. 


optimum  pressure  for  etching  increased  with  increasing  ICP  power.  There  is  also  a  dependence  between 
the  DC  bias  and  the  ICP  power. 

The  predictions  by  the  DOE  software  were  checked  experimentally  at  5  different  points  and  can  be 
seen  in  Figure  3.  The  parameters  were  as  follows:  (1)  ICP=1 100  W,  Bias=-428  V,  Pressure=6  mtorr, 
(2)  ICP=960  W,  Bias=-I74  V,  Pressure=9  mtorr,  (3)  ICP=1750  W,  Bia.s=-600  V,  Pressure=12  mtorr, 
(4)  ICP=370  W,  Bias=135  V,  Pressure=2  mtorr,  (5)  ICP=270  W,  Bias=410  V,  Pressure=4  mtorr. 
With  the  exception  of  sample  3,  all  of  the  points  were  within  original  input  parameter  ranges  previously 
stated.  Sample  3  was  well  outside  of  the  original  ranges;  however,  there  was  only  a  8.6%  difference 
between  the  actual  and  predicted  etch  rates.  The  highest  error  was  found  for  sample  5  at  20%. 


Table  I  -  Design  matrix  for  etch  rate  optimization  of  GaN  thin  films. 


Run 

ICP  PowerfWI 

DC  Biasf-Vt 

Pre.ssurefmtorh 

Rich  RatefA/min'J 

1 

303 

131 

3 

3730±40 

2 

303 

131 

9 

1940±90 

3 

600 

250 

6 

7760±80 

4 

303 

369 

3 

6380±140 

5 

303 

369 

9 

3960±60 

6 

600 

250 

6 

7770±60 

7 

897 

131 

3 

7050+100 

8 

897 

131 

9 

7200±200 

9 

600 

250 

6 

7790±90 

10 

897 

369 

3 

10920+360 

11 

897 

369 

9 

9520±380 

12 

600 

250 

6 

7680±50 

13 

100 

250 

6 

940±20 

14 

1100 

250 

6 

1 14801330 

15 

600 

250 

6 

7840180 

16 

600 

50 

6 

21201210 

17 

600 

450 

6 

10630+250 

18 

600 

250 

6 

7630190 

19 

600 

250 

1 

50201140 

20 

600 

250 

11 

5650+160 
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Figure  3.  Comparison  of  experimental  and  predicted  GaN  Figure  4.  The  selectivity  of  GaN  relative  to  Al  2803^2^ 
etch  rate  from  studies  used  to  test  the  accuracy  of  the  DOE  ^  function  of  DC  bias.  Values  of  selectivity 

model.  See  text  for  parameters.  ^^ere  obtained  from  the  GaN/AIN  and  GaN/  Al  28Ga  y2N 

etch  rate  ratios. 

3.2  Selective  etching 

Selective  etching  of  GaN  relative  to  AIN  and  Al  jgGa  ^jN  was  achieved  at  low  DC  biases.  All  materials 
were  etched  concurrently  to  insure  an  accurate  comparison.  The  experimental  parameters  were  500  W 
ICP  power,  5  mtorr  pressure,  and  a  -20  to  -50  V  variable  DC  bias.  Figure  4  shows  the  selectivity  of 
GaN  as  ratios  of  the  etch  rate  of  this  material  to  that  of  AIN  and  Al  ,jjGa  ^^N.  At  -50  V,  the  selectivity 
between  GaN  and  AIN  was  8.5;  whereas,  it  was  only  1.2  between  the  GaN  and  Al  jjGa^jN.  The 
greatest  selectivities  for  GaN  were  found  at  a  bias  of  -20  V,  a  factor  of  38  over  AIN  and  approximately 
10  over  Al2sGa72N.  These  differences  in  etch  rates  are  consistent  with  the  different  bond  energies 
between  Ga-N  and  Al-N  of  8.92  eV/atom  and  11.52  eV/atom,  respectively. [4]  A  second  factor  is  the 
lower  volatility  of  AlCl,^  relative  to  GaCl„.  Since  lower  IX  biases  were  used  to  attain  the  selective 
etching,  there  is  a  tradeoff  between  the  selectivity  and  the  total  etch  rate. 

3.3  Summary 

Dry  etching  of  GaN  has  been  investigated  in  an  ICP  system  produced  in  the  authors’  laboratories  using 
CI2  and  Ar  as  the  process  gases.  Design  of  experiments  software  was  used  to  both  optimize  the 
parameters  and  to  determine  the  interactions  between  the  different  parameters.  Interactions  were 
observed  between  the  ICP  power  and  pressure  as  well  as  the  ICP  power  and  the  DC  bias.  There  was  no 
interaction  between  the  DC  bias  and  the  pressure.  Selective  etching  of  GaN  relative  to  AIN  and 
AljjGajjN  was  achieved  at  low  DC  biases.  Selectivities  of  38  between  GaN  and  AIN  and  10  between 
GaN  and  Al28Ga72N  were  obtained  at  a  DC  bias  of  -20V.  These  results  are  of  potential  interest  for  the 
fabrication  of  Al^Ga|.„N  based  heterostructure  devices.  Research  is  ongoing  to  quantify  the  effects  of 
plasma  induced  damage  and  to  better  understand  the  underlying  mechanisms. 
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Abstract.  This  work  deals  with  the  development  of  high  temperature,  low  resistance  ohmic  metallizations  to  p-type  6H- 
SiC,  using  a  novel  approach  of  focused  ion  beam  (FIB)  surface-modification  and  in-situ  direct-write  metal  deposition 
for  ohmic  contact  formation  without  annealing.  FIB(Ga)  surface-modification  and  in-situ  deposition  of  Pt,  Mo  and  W 
showed  minimum  contact  resistance  values  of  1.3  xlO'^Ohm  cm^  to  7.3x10^  Ohm  cm^,  depending  on  metal  and  FIB 
conditions.  These  contact  resistance  values  of  the  direct  FIB  deposited  non-annealed  contacts,  compare  well  with 
reported  values  for  conventionally  deposited  and  annealed  contacts  to  SiC.  Ex-situ  E-beam  deposition  of  Pt  on  FIB 
surface-modified  and  unmodified  areas  showed  a  substantial  increase  (one  order  of  magnitude)  in  the  contact  resistance 
values  of  the  unmodified  contacts. 


1.  Introduction 

The  formation  of  low  resistance  high  quality  ohmic  contacts  to  SiC,  is  critical  to  the  operation  of  the  devices, 
especially  in  the  high  temperature/high  power  operation  regime.  The  problem  is  particularly  difficult  in  the 
case  of  p-type  ohmic  contacts,  where  deposited  and  annealed  contacts  on  moderately  to  highly  doped  6H-SiC 
material  reach  at  best  contact  resistance  values  between  10"’  and  mid  lO  "'  Ohms  cm^  [1][2],  while  for  very 
highly  doped  (10'^  cm'^)  material  one  report  indicates  a  value  of  10'^  Ohms  cm^  for  Al/Ti  contacts  annealed 
at  1000  °C  [3].  Other  systems  examined  so  far  are  based  on  Ti  and  W  with  some  Pt  and  Au  combinations, 
that  may  have  better  stability  under  extended  high  temperature  operation.  In  general  the  contacts  may 
deteriorate  due  to  interface  reactions  that  include  silicide  and  carbide  formation,  interdiffusion,  and  surface 
oxidation  [4][5].  Clearly,  for  the  development  of  viable  high  temperature/high  power  SiC  device  technology, 
the  quality  of  p-type  ohmic  metallizations  needs  to  be  studied  further  and  improved. 

In  this  work  we  report  a  new  approach  to  ohmic  contact  formation  based  on  focused  ion  beam  (FIB)  surface- 
modification  and  concurrent  in-situ  FIB  direct-wnte  metal  deposition.  In  addition,  FIB  surface-modification 
and  ex-situ  metal  deposition  (E-beam),  was  also  employed  for  comparison.  Our  approach  of  surface- 
modification  using  focused  ion  beams  is  aiming  at  lowering  surface  barriers,  while  at  the  same  time 
increasing  surface  doping  by  Ga  ion  implantation  to  enhance  tunneling  and  further  improve  contact 
resistance.  Metallization  is  achieved  concurrently  by  focused  ion  beam  in-situ  direct-wnte  metal  deposition 
of  various  metals  [6].  For  the  present  work  we  report  contact  resistance  values  from  the  direct-write 
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deposition  of  Platinum  (Pt),  Molybdenum  (Mo),  and  Tungsten  (W),  as  well  as  Pt  deposition  by  E-beam  on 
FIB  surface-modified  and  unmodified  p-type  6H-SiC. 


2.  Experimental  Details 

The  SiC  samples  used  in  this  study  are  p-type  epitaxial  layers  on  n-type  6H-SiC  substrates  purchased  from 
CREE  Corporation,  with  doping  levels  in  the  2x10'®  cm'®  range.  Two  focused  ion  beam  (FIB)  systems  using 
Ga  ion  beams,  have  been  employed  in  this  study.  One  is  a  FEI  system  with  ion  beam  energy  of  30  KeV 
where  the  Pt  and  Mo  direct-write  deposition  was  performed,  and  the  other  is  a  MICRION  system  with  ion 
beam  energies  up  to  50  KeV,  where  the  W  direct-write  deposition  and  surface-modification  for  ex-situ  Pt 
E-beam  deposition  were  performed.  The  Pt  was  E-beam  deposited  on  FIB  surface-modified  and  unmodified 
areas,  to  assess  the  effects  of  the  FIB  surface-modification  process  on  contact  resistance.  The  transmission 
line  model  (TLM)  for  contact  resistance  measurements  was  used  on  both  the  FIB  direct-write  metal  patterns 
(Fig.  1),  and  the  ex-situ  E-beam  deposited  Pt  that  was  patterned  by  standard  photolithographic  techniques. 
The  measurements  provide  the  specific  contact  resistance  values,  r^,  for  the  contacts,  which  we  refer  to  as 
the  contact  resistance  values  for  simplicity.  Auger  depth  profiling  is  used  to  examine  the  metal/interface 
system  and  correlate  it  with  the  observed  electrical  properties. 


Fig.  1 .  W  FIB  direct-write  TLM  pattern. 


Fig.  2.  Mo  FIB  direct-write  contact  definition. 


3.  Experimental  Results  and  Discussion 

The  FIB  direct-write  deposition  of  Mo  was  performed  at  ion  beam  energies  of  30  KeV  and  produced  well 
defined  metal  films  with  thicknesses  around  1pm,  shown  here  in  Fig.  2. 

The  TLM  contact  resistance  measurements  of  contacts  made  at  two  different  ion  beam  currents  of  6,000 
pA  and  12,200  pA,  gave  contact  resistance  values  rc  =  3.3x10"^ Ohm  cm®  andl. 3x10^ Ohm  cm®  respectively 
(Fig.  3).  The  lowest  r^  value  is  observed  for  the  highest  beam  current  direct-write  deposition.  Although  Mo 
has  not  been  reported  before  as  a  p-type  contact  on  6H-SiC,  the  value  of  r^  obtained  here,  is  comparable  to 
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those  reported  for  W/Pt/Au  [2]  and  better  than  the  values  reported  for  Al/Ti  [3]  that  have  been  annealed. 


The  FIB  direct-write  deposition  of  Pt  was  also  performed  at  30  KeV  and  at  the  same  high  beam  current  of 
12,200  pA,  but  the  r^  values  from  the  TLM  measurements  (7.3x1 0"^  Ohm  cm^  were  higher  than  those  of  Mo. 


Sample  A17a-2:  First  Pattern:  E=3QkeV,  l=6000pA,  Mo 


Al-7b{1 1)  W  on  SiC  E=50keV  D=1e17  ions’cm-2 


Fig.  3.  Mo  FIB  direct-write  rc  measurement.  Fig.  4.  W  FIB  direct-write  measurement. 


The  direct-write  deposition  of  W  was  performed  at  ion  beam  energies  of  50  KeV  and  with  ion  doses  of  D= 
1.0x10”  ions/cm^  and  D=3.0xl0”  ions/cml  TLM  contact  resistance  measurements  gave  =  7.3x10'^  Ohm 
cm^  and  1.1x10'^  Ohm  cm^  for  the  low  and  high  doses  respectively  (Fig.  4).  These  values  are  higher  than 
those  of  Mo  and  Auger  depth  profiling  was  performed  on  the  W  and  Mo  contacts  to  evaluate  the  interface. 


Fig.  5  shows  the  Auger  depth  profile  of  the  W  contacts.  As  can  be  seen  in  the  profile,  a  considerably  diffused 
interface  results  from  this  FIB  direct-write  deposition  at  50  KeV,  with  significant  concentration  of  Ga  in  the 
metal  and  significant  penetration  into  the  SiC  substrate.  Si  outdiffiision  is  also  evident,  while  C  levels  in 
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the  metal  films  are  high  due  to  the  FIB  deposition  process,  and  possibly  to  a  lesser  extend,  to  the 
outdiffusion  from  the  substrate. 

In  contrast  the  Auger  profile  from  the  Mo  contacts,  shown  in  Fig.  6,  produces  at  30  KeV  a  much  less 
diffused  interface  with  limited  Ga  penetration  within  a  surface  layer,  and  a  Si  outdiffusion  that,  exept  from 
a  surface  peak,  remains  nearly  constant  through  the  metal  film.  The  high  C  levels  observed  also  in  these 
films,  are  the  subject  of  further  investigation  of  the  FIB  deposition  process,  aiming  at  reducing  such  levels. 


Fig.  6.  Auger  Depth  Profile  of  Mo  FIB  direct-write  contacts. 

In  order  to  develop  an  initial  understanding  of  the  effects  of  the  FIB  surface-modification  process,  Pt  was 
deposited  by  E-beam  on  FIB  surface-modified  and  unmodified  areas  of  p-type  6H  SiC,  and  r^  (Fig.  7)  was 
measured.  Ptonsic  Ai7b-io 


Fig.  7.  rc  measurements  from  E-beam  Pt  deposition  on  surface-modified  and  unmodified  areas. 
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Three  FIB  surface-modified  areas  were  produced  side  by  side  at  30  KeV  and  a  moderate  dose  of  1.5x10'^ 
ions/cm^,  and  at  50  KeV  and  two  different  doses  of  1.5x10'^  ions/cm^  and  3.0x10'^  ions/cm^. 

The  FIB  surface-modified  areas  produced  revalues  of  4. 1x10"^  Ohm  cm^  at  30  KeV  and  7.4x10'^  Ohm  cm^ 
and  6.0x10"' Ohm  cm^  at  50  KeV  for  low  and  high  doses  respectively.  In  contrast  the  unmodified  contacts 
produced  r^  values  of  3.2x10'^  Ohm  cm^,  which  is  nearly  an  order  of  magnitude  higher  than  the  surface- 
modified  contacts. 


4.  Conclusions. 

A  novel  approach  to  ohmic  contact  formation  using  FIB  surface-modification  and  Ga  implantation  with  FIB 
direct-write  metal  deposition,  is  reported  here  for  Mo,  Pt,  and  W  metallizations. 

Of  the  three  different  FIB  direct-write  metallizations.  Mo,  reported  here  for  the  first  time,  is  shown  to  have 
the  lowest  contact  resistance  value  at  1 .3x1 0"*  Ohm  cm^,  while  Pt  and  W  showed  higher  values.  Auger  depth 
profiling  revealed  considerable  intermixing  at  the  W  contact  interface,  with  substantial  Ga  penetration.  Si 
outdiffusion  and  C  concentrations  in  the  metal,  in  contrast  with  the  Mo  interface,  which  appeared 
significantly  less  intermixed,  with  limited  Ga  penetration  into  the  substrate. 

Ex-situ  E-beam  deposition  of  Pt  on  FIB  surface-modified  and  unmodified  areas,  clearly  showed  a  substantial 
(one  order  of  magnitude)  improvment  in  the  contact  resistance  values  of  the  surface-modified  areas  as 
compared  with  the  unmodified  areas,  which  validated  the  FIB  process. 

Furthermore,  moderate  energies  (30  KeV)  and  moderate  doses  (1 .5x10'^  ions/cm^)  of  ion  beams,  appear  to 
produce  lower  values  of  contact  resistance.  Experiments  are  under  way  to  examine  the  stability  of  these 
contacts  under  thermal  treatment,  and  provide  a  better  understanding  of  the  processes  and  parameters 
involved. 
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Silicon  Carbide  Power  MOSFET  Technology 
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Pittsburgh,  PA  15235-5080 

Abstract.  4H-SiC  UMOSFETs  and  DMOSFETs  have  been  fabricated  and  tested  with  measured  blocking 
voltages  (1400  V  and  900  V,  respectively).  Although  these  breakdown  voltages  were  reasonable,  obtaining 
sufficient  channel  mobility  (50  cmWs)  to  enable  devices  with  practical  current  densities  has  thus  far  proven 
elusive  owing  to  the  poor  quality  of  the  SiC-SiOj  interface.  DMOS  structures  suffer  from  a  non-self 
aligned  process,  and  gate  oxide  present  over  rough  implanted  and  annealed  SiC  surfaces.  Thus  surface 
scattering  effects  and  interface  state  density  remain  high,  lowering  carrier  mobility.  In  addition,  UMOS 
devices  also  suffer  from  poor  inversion  layer  mobility  due  to  the  difficulties  of  forming  high  quality  oxide 
on  the  sidewalls  of  the  vertical  trenches.  In  this  paper  we  will  explore  these  and  other  design  and  processing 
trade-offs. 


1.  Introduction 

SiC  power  MOSFETs  offer  several  potential  advantages  over  Si  power  MOSFETs  in  the  areas  of 
switching  (faster  with  lower  losses),  operating  temperature,  and  blocking  voltage.  These  advantages  are 
a  consequence  of  SiC’s  inherent  material  advantages  including  wide  bandgap  (3.2  eV  for  4H-SiC),  high 
electric  breakdown  strength  (2.2  MV/cm)  and  high  thermal  conductivity  (~  3  W/cm»K)  [1].  While  the 
advantages  of  SiC  power  MOSFETs  over  Si  power  MOSFETs  (both  UMOS  and  DMOS  type  structures) 
have  been  long  known  [2],  processing  issues  [3-5]  including  poor  SiC-oxide  interfaces  and  premature 
breakdown  of  the  gate  oxide,  have  prevented  these  devices  utility  for  commercial  systems. 


2.  Fabrication  of  SiC  power  MOSFET  structures 

Here  we  report  on  both  the  4H-SiC  UMOSFET  and  4H-SiC  DMOS  structures.  The  4H-SiC 
UMOSFET  was  fabricated  with  a  12  pm  thick  drain-drift  layer  (Nj,  ~  2x10’’  cm‘^)  and  a  90  nm  gate 
oxide,  as  shown  by  the  cross-sectional  view  of  the  device  in  Figure  1 .  The  gate  oxide  consisted  of  a 
thin-layer  of  thermally  grown  SiOj  followed  by  a  thicker-layer  of  deposited  SiOj  to  ensure  a  more 
uniform  gate  oxide  across  the  bottom  and  sidewalls  of  the  trench.  Nickel  was  used  for  the  drain  and 
source  metallizations,  with  TLM  measurements  yielding  a  specific  contact  resistance  of  5-7x10'^  Q»cm^. 
The  channel  length  was  nominally  set  to  4  pm  from  the  as-grown  channel  epitaxial  layer. 

4H-SiC  DMOS  structures  were  also  fabricated  using  a  lightly  doped  n-type  10  pm  thick  drain-drift 
layer.  These  devices  used  multiple  ion  implants  (high-dose  nitrogen  implants  for  source  regions,  high- 
dose  aluminum  implants  for  body  contact,  and  high-energy  aluminum  or  boron  implants  for  formation  of 
the  p-wells)  to  fabricate  a  planar  power  MOSFET  in  SiC.  After  activating  the  implants  with  a  standard 
high-temperature  anneal  in  an  inert  ambient,  the  gate  oxidation  was  performed  in  pyrogenic  steam  at 
1 150°C,  followed  by  LPCVD  polysilicon  deposition  for  the  gate,  and  subsequent  patterning  of  the 
polysilicon.  Finally,  ohmic  contacts  were  formed  to  the  drain,  source,  and  body  terminals  completing  a 
standard  four  terminal  MOSFET  stmcture.  Completed  device  cross-section  of  the  DMOS  is  also  shown 
in  Figure  1 . 
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Figure  1 :  Vertical  SiC  UMOS  cross-section  with  12  (im  thick  drift  layer  and  4  |im  channel  length  on 
left  and  4H-SiC  DMOS  power  FET  structure  is  shown  on  right. 


3.  Device  Characteristics  and  Discussion 

Forward  blocking  characteristics  of  the  4H-SiC  MOSFETs  were  measured  by  wafer  level  probing 
under  high  dielectric  strength  Fluorinert™  to  prevent  surface  flashover.  The  drain  and  gate  bias  were 
supplied  by  dual  computer-controlled  Keithley  237  power  supplies  (maximum  voltage  of  1 100  V).  The 
blocking  voltages  of  die  vertical  4H-SiC  DMOS  and  4H-SiC  UMOS  FET  are  shown  in  Figure  3a)  and 
3b),  respectively.  In  Figure  2,  this  DMOSFET  blocked  900  V,  while  a  similar  UMOSFET  blocked  1 100 
V,  which  was  the  maximum  voltage  available  from  the  power  supply.  Further  testing  using  a  Tektronix 
371 A  curve  tracer  resulted  in  measuring  a  maximum  blocking  voltage  of  approximately  1400  V  for  the 
UMOS,  as  shown  in  Figure  3. 
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Figure  2:  a)  4H-SiC  DMOS  blocking  900V  at  100°C  under  Fluorinert™  (left)  and  b)  4H-SiC  UMOS 
blocking  1 100  V  at  room  temperature  under  Fluorinert™  (right). 
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Under  a  moderate  gate  bias  of  32  V  (3.55  MV/cm)  at  room  temperature,  the  channel  mobility  of  the 
UMOS  was  only  1.5  cmW»s,  while  increasing  the  temperature  to  100°C  increased  the  channel  mobility 
to  7  cmW»s  at  a  gate  bias  of  only  26  V  (2.9  MV/cm).  This  data  can  be  explained  by  interface  traps 
located  at  the  SiC-oxide  interface  which  release  charge  carriers  at  higher  temperatures  resulting  in 
increased  conduction  for  a  given  bias. 


B  «•  9i/DiV 
4«l)uS 


Figure  3:  4H-SiC  UMOS  blocking  1400  V  at  room  temperature  under  Fluorinert™ 

(6.75x10  '’  cm^  active  area). 

Initial  results  of  the  900  V  DMOS  devices  also  have  channel  mobility  exhibiting  the  same  temperature 
effects  of  interface  traps  as  was  noted  in  the  UMOSFET.  Both  the  UMOSFET  and  DMOSFET  were 
operated  from  room  temperature  to  300°C  with  higher  currents  and  transconductance  values  obtained  at 
higher  temperatures.  No  catastrophic  device  failures  occurred  from  the  high-temperature  operation 
although  device  reliability  tests  have  not  yet  been  performed. 

In  Figure  4a),  the  characteristic  I-V  family  of  curves  is  shown  for  a  4H-SiC  UMOSFET  at  an  ambient 
temperature  100°C,  as  well  as  the  linear  region  (Yps  =  100  mV)  small-signal  transconductance  for  a 
similar  UMOSFET  at  different  temperatures.  From  the  characteristic  family  of  curves,  a  specific  on- 
resistance  of  74  mD«cm^  can  be  extracted,  which  is  higher  than  expected  due  to  the  high  channel 
resistance.  From  Figure  4b),  an  increase  in  small-signal  transconductance  with  temperature  can  be 
observed.  The  linear  region  g„,  is  defined  below  in  Equation  (1),  where  W  is  the  gate  width,  L  is  the  gate 
length,  p,  is  the  effective  electron  inversion  layer  mobility  in  the  channel,  and  is  the  oxide 
capacitance  per  unit  area.  The  increased  drain  current  and  small-signal  transconductance  found  at  higher 
temperatures  are  counter  intuitive.  One  would  expect  increased  acoustic  phonon  scattering  at  higher 
temperatures  acting  to  decrease  both  parameters  via  mobility  degradation  at  high  temperatures. 


g.,u„  =  (w/L)^c„;v^s  (1) 

Increasing  p  with  temperature  can  explain  the  increased  g„,|j„  at  higher  ternperatures,  since  all  other 
parameters  in  Equation  (1)  are  independent  of  temperature.  Thus,  p  is  not  limited  by  acoustic  phonon 
scattering  at  these  temperatures,  but  by  other  physical  mechanisms.  The  most  plausible  temperature 
related  mechanism  which  explains  the  increasing  p  with  temperature  is  thermal  and  bias-dependent 
activation  of  a  high  number  of  filled  interface  traps  beneath  the  conduction  band  at  the  SiC-SiO^  interface. 
In  depletion-mode  SiC  MOSFETs,  the  normally  expected  decrease  in  p  with  temperature  has  been  found 
[6],  which  is  consistent  with  our  explanation  since  in  depletion-mode  devices  carriers  are  not  confined  to 
the  interface,  and  thus  the  mobility  would  not  be  dominated  by  interface  traps  for  those  devices. 

Comparisons  between  the  UMOS  and  DMOS  FET  structures  in  SiC  are  still  preliminary,  but  the 
highest  channel  mobility’s  reported  in  SiC  DMOS  structures  (26  cmW»s)  [4]  are  a  factor  of  two  higher 
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than  the  highest  reported  values  for  SiC  UMOSFETs  [5].  The  higher  |1  found  in  DMOS  is  to  be 
expected  since  the  etched  surface  directly  above  the  UMOS  channel  is  considerably  roughened  which  acts 
to  increase  surface  scattering  of  carriers,  and  since  the  oxide-SiC  interface  is  found  to  be  optimal  on 
planar  silicon-face  surfaces  as  opposed  to  the  vertical  trench  surfaces  in  the  UMOS.  However,  |J,  of  the 
DMOS,  while  improved  over  the  UMOSFET  (confirmed  elsewhere  [4,5])  is  still  low  as  a  consequence 
of  surface  roughening  caused  by  implant  damage,  and  a  non-optimal  interface. 


Figure  4:  Low-voltage  characteristics  of  4H-SiC  UMOSFETs  shown  by  a)  drain-to-source  current  as  a 
function  of  drain-to-source  voltage  and  gate-to-source  voltage  and  b)  small-signal  linear  region 
transconductance  as  a  function  of  temperature  for  a  similar  UMOSFET. 


4.  Conclusions 

4H-SiC  vertical  power  MOSFETs  have  been  fabricated  and  preliminary  analysis  has  been  reported. 
Both  UMOS  and  DMOS  structures  experimentally  demonstrated  high  (1400  and  900  V,  respectively) 
blocking  voltages.  A  significant  impediment  to  optimized  device  performance  is  the  poor  SiC-SiOj 
interface,  which  currently  results  in  channel  mobility  below  the  theoretical  values  for  SiC.  ’^e 
increasing  values  of  I^s  and  transconductance  with  temperature  suggest  the  possible  presence  of  high 
densities  of  inteiface  traps  immediately  below  the  conduction  band  which  release  trapped  carriers  during 
biased  high-temperature  operation. 
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Abstract.  4H-SiC  GTO  devices  were  designed,  fabricated  and  evaluated  on  the  basis  of  blocking  voltage, 
current  density  and  forward  drop.  Interdigitated  designs  with  device  pitches  ranging  from  26  to  48  pm  and 
circular  devices  with  diameters  from  0.5  to  1.5  mm  were  fabricated.  We  measure  600  V  forward  blocking 
voltage,  and  4  A  (1500  A/cm’)  forward  current  on  680  pm  diameter  involute  4H-SiC  GTOs  fabricated  with 
a  14  pm  base  layer.  Interdigitated  devices  of  smaller  areas  (-  6.5x10'^  cm’  active  area)  measure  1000  V 
forward  blocking  for  a  14  pm  epitaxial  base  layer.  By  combining  8  interdigitated  devices  in  parallel,  a 
maximum  current  of  20  A  was  achieved  which  corresponds  to  a  current  density  of  3500  A/cm’  (compared 
to  200  A/cm’  maximum  for  a  Si  GTO).  Current  density  as  a  function  of  forward  drop  was  evaluated  over 
the  temperature  range  of  25  °C  to  390  °C 


1.  Introduction 

SiC  power  devices  have  recently  made  significant  progress  towards  both  high-voltage  and  high- 
current  capabilities  as  SiC  material  and  device  processing  technologies  have  matured.  Advances  in 
three  and  four  terminal  SiC  power  devices  include  900  V,  2  A  and  700  V,  6  A  thyristors  [1],  700  V 
GTOs  [2],  1100  V  UMOSFETs  [3],  900  V  DMOSFETs  [4],  and  2600  V  DMOSFETs  [5].  The 
advantages  of  these  transistors  over  silicon-based  devices  in  terms  of  switching  speed,  high- 
temperature  operation,  and  blocking  voltage  are  as  a  direct  result  of  SiC’s  inherent  material 
advantages.  These  include  wide  bandgap  (3.2  eV  for  4H-SiC),  high  electric  breakdown  strength  (2.2 
MV/cm)  and  high  thermal  conductivity  (~  3  W/cm«K)  [6,7].  Here  we  present  some  of  our  most  recent 
work  on  the  4H-SiC  GTO  structure  (shown  in  Figure  1)  including  our  first  reported  results  on  circular 
GTO  devices  with  diameters  ranging  from  0.5  to  1.5  mm,  and  interdigitated  designs  with  pitches 
ranging  from  26  to  48  pm.  Preliminary  results  include  600  V  forward  blocking  voltage,  a  maximum  of 
4  A  (1500  fiJcin)  forward  current  on  680  pm  diameter  involute  4H-SiC  GTOs,  and  1000  V  forward 
blocking  for  interdigitated  devices  of  smaller  areas  (~  6.5x10  “'  cm^  active  area). 


2.  Fabrication  of  SiC  power  GTO  structures 

The  4H-SiC  GTO  was  fabricated  with  a  thick,  lightly  doped,  base  layer  approximately  14  pm  thick, 
on  top  of  p  and  n-type  buffer  layers  as  reported  elsewhere  [2].  Nickel  was  used  to  contact  the 
implanted  n*  gate  material,  with  TLM  measurements  yielding  a  specific  contact  resistance  of  1x10'^ 
0»cm’.  The  anode  p*  contact  was  formed  using  an  AJ/Ti  alloy  with  a  specific  contact  resistance  of 
IxlO’  0«cml  All  photolithography  was  performed  using  a  MANN  DSW  4800  g-line  (436  nm) 
stepper,  with  all  metal  layers  defined  after  lift-off  using  a  standard  bi-level  resist  process.  The  GTO 
cross-section  is  shown  in  Figure  1. 
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Figure  1:  Cross-section  of  an  inverted  asymmetrical  4H-SiC  GTO  with  14  (im  thick  blocking  layer. 

3.  Device  Characteristics  and  Discussion 

Measurements  of  static  D.C.  operation  were  performed  by  grounding  the  anode  and  applying  a 
negative  bias  to  the  cathode.  Initial  25°C  on-wafer  measurements  of  the  completed  4H-SiC  involute 
GTO  (680  pim  diameter)  reveal  600  V  anode  to  cathode  forward  blocking,  and  anode  to  cathode 
forward  conduction  of  4  A  (~  1500  A/cm"  normalized  to  the  anode  area)  as  shown  in  Figure  2a. 
Increased  current  capability  is  expected  once  these  devices  are  packaged  with  proper  heat  sinking.  The 
device  was  turned  on  by  gate  currents  in  excess  of  500  )iA.  Smaller  interdigitated  devices  were 
capable  of  1000  V  blocking  which  is  shown  in  Figure  2b,  for  a  GTO  with  interdigitated  anode  and  gate 
(26  pm  pitch,  10  fingers,  250  pm  gate  length).  Devices  of  this  geometry  are  referred  to  as  P26LIN10 
devices.  The  forward  blocking  curve  in  Figure  2b  is  measured  at  room  temperature  using  Fluorinert^" 
with  no  gate  drive(off  condition).  By  combining  8  interdigitated  devices  in  parallel,  a  maximum 
current  of  20  A  is  achieved  which  corresponds  to  a  current  density  of  3500  A/cm"  (compared  to  200 
A/cm"  maximum  of  a  Si  GTO).  To  examine  the  forward  current  density  with  respect  to  forward  voltage 
drop,  a  P26LIN10  was  probed  on  a  hot  chuck  up  to  390°C,  The  results  of  this  test  are  shown  in  Figure 
3  for  current  densities  of  up  to  -  3500  A/cm",  normalized  to  the  anode  area.  The  experimental  data 
shown  in  Figure  3  also  includes  the  voltage  drop  from  the  measured  1  O  series  probe  resistance.  The 
voltage  drop  across  the  probes  is  1  V  at  the  peak  current  density  of  3500  A/cm". 


Figure  2:  Room  temperature  I-V  characteristics  of  a)  680  pm  diameter  involute  structure  4H-SiC 
GTO  with  forward  blocking  voltage  of  600  V  and  forward  current  of  up  to  4  A  (1500  jVcm 
normalized  to  anode  area).  In  b)  the  room  temperature  forward  blocking  (V,^,^)  of  an  interdigitated 
4H-SiC  GTO  cell  (26  pm  pitch,  10  fingers,  250  pm  finger  length)  is  shown  to  be  1000  V. 
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Correcting  for  series  probe  resistance  effects,  an  approximate  forward  voltage  drop  of  4.4  V  at  room 
temperature  and  3.6  V  at  390°C  can  be  expected  for  these  GTO’s  operating  with  a  current  density  of 
1000  A/cm^  To  further  reduce  the  forward  voltage  drop,  reduction  in  contact  resistances  are  being 
explored.  The  forward  voltage  drop  decreases  at  elevated  temperatures  as  expected  from  the  ideal 
diode  equation,  and  secondly  due  to  a  reduction  of  the  p-type  layer  resistivity  as  a  consequence  of 
increased  dopant  ionization. 

Light  emission  can  be  used  to  sample  current  distribution  in  SiC  p/n  junction  devices.  For  example 
in  Figure  4,  one  such  example  is  shown  for  a  0.68  mm  diameter  involute  GTO  structure.  The  outside 
circle  corresponds  to  the  mesa  isolated  blocking  junction,  where  the  involute  fingers  shown  are 
resulting  from  the  isolated  gate-to-anode  p/n  junction.  Blue  light  emission  appears  uniform  from 
which  we  deduce  a  uniform  current  distribution  in  the  device. 


lQ  =  -50mA 


25C  100C  200C  300C  390C 

OTO02-CHIP  25 -WAFER  5 
P26  LIN10 

Figure  3:  Forward  current  density  as  a  function  of  temperature  for  a  4H-SiC  GTO  (interdigitated 
gate-anode,  26  pm  pitch,  10  finger  device)  with  current  normalized  to  anode  area.  Maximum  current 
shown  for  this  device  is  1  A  (~  3500  A/cm^).  Measured  data  shown  here  includes  voltage  drop  across 
the  probe  resistance  of  approximately  1  Q,  which  would  correspond  to  a  1  V  reduction  in  the  peak 
forward  drop  shown  above. 


4.  Conclusions 

4H-SiC  vertieal  power  GTOs  have  been  fabricated  and  preliminary  analysis  has  been  reported. 
Blocking  voltages  of  1000  V  were  obtained  from  small-area  devices,  whereas  larger  0.68  mm  diameter 
circular  devices  were  capable  of  blocking  up  to  600  V.  Forward  current  of  up  to  4.2  A  was  probed  in 
the  larger  devices,  20  A  was  obtained  through  a  parallel  combination  of  8  devices,  and  currents  up  to  1 
A  (3500  A/cin)  were  evaluated  as  a  function  of  forward  voltage  drop  and  temperature  for  the  smaller 
devices.  At  a  eurrent  density  of  1000  A/cm^  neglecting  the  series  probe  resistance,  forward  voltage 
drop  was  approximately  4.4  V  at  room  temperature  to  3.6  V  at  390°C. 
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Figure  4:  Light  emission  from  a  0.68  mm  diameter  4H-SiC  GTO  structure  with  forward  current 
conduction.  Light  emitting  from  the  outside  circle  corresponds  to  the  mesa  isolated  p/n  blocking 
junction,  while  light  emitted  from  the  involute  fingers  is  a  result  of  the  mesa  isolated  gate-to-anode 
junction. 
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MOCVD  Growth  of  InGaN  Multiple  Quantum  Well  LEDs 
and  Laser  Diodes 
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Abstract:  The  MOCVD  growth  of  InGaN/GaN  multiple  quantum  well  (MQW)  structures  for  blue  LEDs 
and  lasers  has  been  investigated.  (1)  The  structural  and  optical  properties  of  the  layers  have  been  characterized 
by  x-ray  diffraction  and  photoluminescence.  (2)  By  incorporating  an  MQW  structure  as  the  active  region  in  a 
GaN  p-n  diode,  high-brightness  light  emitting  diodes  (LEDs)  have  been  produced.  Under  a  forward  current  of 
20  mA,  these  devices  emit  2.2  mW  of  power  corresponding  to  an  external  quantum  efficiency  of  4.5%.  (3) 
Room  temperature  (RT)  pulsed  operation  of  blue  (420  nm)  nitride  based  multi-quantum  well  (MQW)  laser 
diodes  grown  on  c-plane  sapphire  substrates  with  threshold  current  densities  as  low  as  19  lcA/cm2  were 
observed  for  5x800  [Im^  lasers  with  uncoated  reactive  ion  etched  (RIE)  facets 

1.  Introduction 

High  performance  light  emitting  diodes  (LEDs)  that  operate  in  the  ultraviolet  to  green  portion  of  the 
spectrum  and  laser  diodes  that  operate  from  the  400  nm  to  440  nm  have  been  realized  recently  through 
the  use  of  GaN  and  its  alloys  with  In  and  Al.  Early  devices  were  constrained  by  difficulty  obtaining  p- 
type  films,  however  the  discovery  of  post-growth  activation  procedures  for  these  films  has  led  to  rapid 
progress  in  nitride-based  LEDs  and  lasers(Amano  et  al.,  1989,  Nakamura  et  al.,  1991).  For  the 
optimization  of  super-bright  LEDs  and  laser  diodes  an  understanding  of  the  electroluminescence  of  the 
InGaN  multiple  quantum  well  (MQW)  structure  is  crucial.  The  growth  and  characterization  of  such 
MQW  stacks  has  been  a  subject  of  intense  research  for  some  time  (Itoh  et  al.,  1991 ,  Koike  et  al.,  1996, 
Singh  et  al.,  1996)  but  little  data  has  been  published  on  the  characteristics  of  spontaneous  emission  from 
such  structures.  Recently,  Nakamura  and  co-workers  have  published  impressive  results  on  the  room- 
temperature  CW  operation  of  a  laser  diode  with  a  MQW  InGaN  active  region,  achieving  a  laser  output 
power  of  10  mW  at  a  current  of  100  mA  (Nakamura  et  al.,  1997).  In  this  work,  we  report  on  the  growth 
and  characterization  of  InGaN/GaN  MQW  layer  structures  with  varying  dimensions.  We  also  report  on 
the  characteristics  of  an  LED  grown  with  an  MQW  active  region,  which  exhibits  very  high  output  power 
and  excellent  color  purity.  Finally,  we  report,  for  the  first  time,  on  measurements  of  blue-MQW-InGaN 
LEDs  and  lasers. 

2.  MQW  Growth  Study 

2.1  MQW  Growth  Study  Experiment 

InGaN/GaN  MQW  stacks  were  grown  on  c-plane  sapphire  substrates  by  metalorganic  chemical  vapor 
deposition.  The  MOCVD  growth  conditions  and  resulting  material  quality  for  G^  and  InGaN  have 
been  discussed  earlier.(Keller  et  al.,  1996,  Keller  et  al.,  1995).  The  MQW  stacks  consisted  of  14 
periods  of  In,,  jGa^gN  wells  with  GaN  barriers  and  were  grown  on  top  of  a  2  p,m  GaN  buffer.  The 
indium  composition  was  determined  by  a  bulk  reference  sample.  Two  studies  were  performed:  in  one  set 
of  growths  the  barrier  width  was  varied  and  the  well  width  was  held  constant  at  22  A.  In  the  other  set, 
the  well  width  was  varied  and  the  barrier  width  was  held  constant  at  43  A. 

2.2  MQW  Growth  Study  Results 

Figure  1  and  Figure  2  shows  the  photoluminescence  (PL)  and  x-ray  diffraction  (XRD)  rocking  curve 
data  obtained  from  each  sample  in  the  well-width  study.  Superlattice  peaks  are  evident  in  the  XRD  data, 
indicating  the  presence  of  abrupt  heterojunction  interfaces  and  a  high  degree  of  coherency  along  the 
growth  direction.  The  superlattice  peak  spacing  was  used  to  obtain  the  thickness  of  the  wells^and 
barriers.  The  PL  data  shows  strong  quantum  well  emission  with  a  narrow  linewidth.  25-36  A  wells 
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Figure  ! :  PL  spectra  for  MQWs  with  varying  well  Figure  2:  X-ray  for  MQWs  with  varying  well  widths 

widths 

are  seen  to  give  optimal  luminescence  qualities.  In  comparison  the  12  A  wells  have  a  wider  emission 
linewidth  and  reduced  emission  intensity  due  to  interface  roughness  effects.  Increasing  the  well  width 
beyond  50  A  also  results  in  an  increased  linewidth  and  decreased  emission  intensity.  The  mechanism  for 
this  trend  is  likely  a  combination  of  effects  such  as  degradation  of  the  InGaN  material  during  subsequent 
high-temperature  growth,  piezoelectric  field  inducing  spatial  separation  of  electrons  and  holes,  and 
possibly  compositional  fluctuation.  The  wavelength  increases  with  well  width  as  expected  with  quantum 
confinement.  The  behavior  deviates  from  simple  theory  due  to  piezoelectric  fields  and  compositional 
fluctuation. 

The  results  of  the  barrier  width  study  are  less  dramatic.  As  the  barrier  width  is  increased  to  about 
50  A,  the  emission  linewidth  decreases  and  the  peak  intensity  improves.  Expanding  the  barrier  width 
beyond  50  A  appears  to  saturate  this  effect.  From  these  preliminary  studies  we  conclude  that  thin  InGaN 
quantum  wells  (25-36  A)  with  thick  GaN  barriers  (>50  A)  give  optimal  photoluminescence  properties. 
Further  studies  on  the  growth  and  characterization  of  MQW  structures  are  being  pursued;  the  results  will 
be  published  in  a  separate  paper. 

3.  LED 

3.1  LED  Experiment 

The  electroluminescence  properties  of  the  multi-quantum-well  layers  were  tested  in  an  LED  stmcture 
( Figure  3  ).  Devices  were  fabricated  with  a  mesa  size  of  6x10  '*  cm^.  Ni/Au  was  used  for  the  p-contact 
and  Ti/Al  for  the  n-contact.  The  devices  were  then  packaged  in  the  standard  LED  lamp  form.  3^en 
tested  under  a  DC  current  of  20  mA,  the  emission  is  seen  to  peak  at  approximately  445  nm  and  a 
narrow  emission  linewidth  of  28  nm  was  obtained.  The  output  power  at  this  current  level  was  2.2  mW. 
The  power  saturates  at  8  mW  under  a  DC  current  of  approximately  100  mA;  this  saturation  is  attributed 
to  heating  effects  causing  a  drop  in  quantum  efficiency.  The  external  quantum  efficiency  reaches  its  peak 
value  of  4.5%  at  a  driving  current  of  20  mA. 

3.2  LED  Results 

By  testing  the  LED  under  pulsed  conditions  the  effect  of  heating  can  be  greatly  reduced.  Current  pulses 
of  width  3  ps  and  duty  ratio  3x10'''  were  used  during  high  current  testing.  As  Figure  4  demonstrates, 
output 
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Figure  3:  LED  device  structure.  The  active  region  Figure  4:  L-I  curve  for  MQW  LED  under  DC  current, 

consists  of  5  periods  of  25  A  The  quantum  efficiency  is  4.5%. 

InO.25GaO.75N  and  40  A  GaN. 

power  saturation  was  not  observed  under  these  conditions  until  a  driving  current  of  1 .4  A  was  applied. 
At  this  current  level,  the  output  power  was  53  mW,  to  our  knowledge  the  highest  reported  for  an  InGaN 
LED.  In  contrast,  commercicdly  available  SQW  InGaN  LEDs  tested  under  the  same  conditions  saturate  at 
a  current  of  600  mA  with  an  output  power  of  25  mW.  We  attribute  the  very  high  power  level  achieved 
in  this  LED  to  the  use  of  a  MQW  structure,  which  reduces  the  degree  of  carrier  overflow  and  non- 
radiative  recombination. 


4.  Laser  Diode 

4.1  Laser  Diode  Experiment 

The  optimized  MQWs  were  incorporated  into  the  laser  structure  with  10  QWs  and  0.4|xm  upper  and 
lower  Alj  ,Ga(,  jN  cladding  layers  and  0. 1  (im  Mg  doped  GaN  contact  layer.  The  lasers  facets  were 
formed  by  Clj  reactive  ion  etching  of  125  (4.m  wide  mesas  of  various  lengths  ranging  from  400  nm  to 
2,000  nm.  P-contact  stripes  were  subsequently  formed  in  the  center  of  these  large  mesas  with  widths 
ranging  from  3  jam  to  20  |xm.  The  n  and  p-contacts  were  formed  by  electron  beam  evaporation  of 
Ti/Al/Ni/Au  and  Ni/Au  respectively.  Fabricated  lasers  were  tested  under  pulsed  operation  with  a  duty 
cycle  of  about  0.025%. 

4.2  Laser  Diode  Results 

A  typical  light  vs.  current  (LI)  curve  is  shown  in  Figure  5.  We  obtain  a  for  a  threshold  current  density 
of  19  kA/cm^for  a  5p.mx800pm  laser  bar  with  uncoated  facets  at  room  temperature. 

The  highest  differential  efficiency  was  1.1%.  Output  powers  of  these  devices  were  limited  by  heating 
during  the  pulses.  Nevertheless,  peak  powers  as  high  as  17.6  mW  were  obtained.  Most  devices  gave 
outputs  in  excess  of  10  mW.  Device  yield  was  well  above  50%.  The  emission  above  threshold  was 
strongly  TE  polarized  with  an  extinction  ratio  in  excess  of  60.  Spectra  were  collected  above  and  below 
threshold  using  an  optical  spectrum  analyzer  with  a  resolution  of  0. 1  nm.  A  strong,  well-defined  mode 
spectrum  appears  at  threshold  as  shown  in  Figure  6.  The  resolution  is  not  sufficient  to  resolve  the 
expected  individual  mode  spacing  for  the  cavity  lengths  tested.  As  a  result  the  width  of  the  observed 
peaks  corresponds  to  the  analyzer  resolution.  The  lasing  spectrum  does,  however,  show  an  envelope 
modulation  with  a  peak  spacing  around  0.35  nm  similar  to  that  observed  by  Nakamura  et  al.(Nakamura 
and  Fasol,  1997)  The  origin  of  this  modulation  is  still  unclear. 

A  lifetime  test  was  done  on  a  single  10pmx400nm  device  operated  above  threshold  in  pulsed  mode 
in  excess  of  6  hours  before  failing  catastrophically  between  6  and  8  hours  due  to  shorting  of  the  p-n 
junction. 


370 


Figure  5:  Typical  LI  curve  for  5p,mx800|J,m  laser  Figure  6:  Above  threshold  spectrum  for  400p,m  long 

device  with  a  5|Jm  stripe  width 


Conclusions 

We  have  investigated  the  luminescence  properties  of  InGaN/GaN  multi-quantum-well  structures  grown 
by  MOCVD.  Photoluminescence  measurements  performed  on  MQW  stacks  indicate  that  optimal 
emission  qualities  are  obtained  using  thin  quantum  wells  and  thick  barriers.  The  structural  quality  of  the 
films  is  confirmed  by  x-ray  diffraction  measurements  showing  prominent  superlattice  peaks.  The  MQW 
stack  has  been  incorporated  as  the  active  region  in  tm  LED  and  laser.  The  resulting  LED  device 
demonstrates  very  high  output  power,  narrow  linewidth,  and  excellent  color  purity.  The  LED  output 
power  saturation  under  DC  conditions  is  attributed  to  heating,  a  problem  which  is  exacerbated  by  the 
poor  thermal  conductivity  of  the  sapphire  substrate.  Under  pulsed  conditions  heating  may  be  avoided  and 
very  high  output  powers  are  achieved.  The  laser  incorporating  the  optimized  MQW  lases  under  RT 
pulsed  operation.  The  output  is  thermally  limited  by  heating  during  the  pulses. 
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Abstract.  We  have  deveioped  a  method  to  reduce  plasma  self  biasing  effects  during  ECR-MBE 

growth  of  GaN  based  on  an  external  magnet  positioned  on  axis  to  the  ECR-source.  With  this  method  it  is 
possible  to  increase  the  growth  rate  up  to  0.7|im/h  by  using  high  microwave  powers  (up  to  200  W)  to 
increase  the  density  of  excited  nitrogen.  With  this  method  we  have  realized  GaN  and  GaInN/GaN  QW- 
structures  with  hi^  optical  efficiency.  The  GaN-layers  show  strong  excitonic  emission  with  line  widths 
below  5  meV  and  no  yellow  luminescence.  Optically  pumped  stimulated  emission  in  stripe  excitation 
eeometiy  (threshold  pumping  intensity  ~  1  MWcm^)  was  realized  up  to  room  temperature. 

1.  Introduction 


external  magnet 


Due  to  their  direct  bandgap  the  group-III-nitrides  are  a  very  attractive  material  system  for  the 
realization  of  optical  emitters  from  the  UV  far  into  the  visible  range  (Eg  jj^]j>j~6.2eV  -  Eg 
[1].  Highly  efficient  light  emitting  diodes  based  on  InGaN/GaN-QW-structures  are  commercially 
available  and  room  temperature  lasing  has  been  demonstrated  with  similar  structures  [2,3]. 

Despite  several  advantages  of  MBE  most  of  the  commercially  available  devices  are  fabricated  up  to 
now  by  MOVPE.  This  is  partly  due  to  the  problem  to  produce  activated  nitrogen  in  MBE  systems.  This 
is  typically  done  by  cracking  nitrogen  molecules  (N2)  '•’to  radicals  (N*)  in  plasma  sources  developed 
for  plasma  processing.  One  very  severe  drawback  of  this  method  is  the  production  of  charged  particles 
such  as  electrons  and  differently  activated  ions  which 
lead  to  the  formation  of  electrostatic  potentials  and 
subsequently  to  ion  damage  during  the  MBE  growth. 

This  paper  reports  on  a  novel  method  for  ECR-MBE 
which  allows  to  reduce  the  plasma  self  biasing  effects 
and  to  increase  the  source  efficiency  significantly.  The 
method  is  described  in  detail  and  cw-  and  high 
excitation  photoluminescence  results  from  GaN  and 
GalnN/GaN-QW-structures  realized  by  this  method 
will  be  presented. 

2.  Experimental  setup 

Fig.  1  shows  a  schematical  sketch  o  the  MBE  system. 

Group-m  elements  (Al,  Ga,  In)  and  dopands  (Si,  Mg) 

are  evaporated  from  solid  sources.  An  ECR  source  F'g- 1 ECR  MBE  setup  for  the  growth  of  GaN  with  an 
mounted  at  the  bottom  of  the  chamber  is  used  to 
produce  active  nitrogen.  The  sample  stage,  which  is 
electrically  isolated  with  respect  to  ground  or  the  electrodes  of  the  beam  flux  ion  gauge,  can  be  used 
with  an  electrical  setup  shown  in  Fig.  1  to  determine  plasma  parameters.  The  key  element  of  our  setup 


external  on  axis  magnet  to  reduce  plasma  self  bias 
effects 
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to  reduce  plasma  effects  is  an  external  magnet  positioned  on  the  top  of  the  chamber,  on  axis  with  the 
ECR-source. 


2. 1  Reduction  of  plasma  effects 

Fig.  2  shows  the  dependence  of  the  current 
collected  at  the  sample  stage  (ampere-meter 
grounded)  on  the  current  of  the  external 
magnet  for  ECR  operation  at  about  194  W  of 
microwave  power  and  a  nitrogen  flux  of  about 
0.5  seem.  Without  magnetic  field  (lext.“  0  A) 
a  relatively  strong  negative  current  of  about 
3.5  mA  is  collected  at  the  sample  stage.  This 
is  due  to  electrons  produced  in  the  plasma 
discharge,  which  are  strongly  guided  towards 


the  sample  stage  by  the  field  lines  of  the  Lg,.* 

internal  ECR-magnet.  The  corresponding  pig.  2  Dependence  of  the  net  current  collected  at  the  sample 
negative  charge  density  around  the  sample  stage  during  ECR-operation  from  the  current  of  the  external 
stage  forms  an  attractive  potential  for  positive 

ions  which  are  also  produced  in  the  plasma  discharge.  The  ions  are  thus  accelerated  towards  the  wafer 
during  epitaxial  growth  and  are  responsible  for  ion  damage  in  the  GaN-layers.  Such  effects  are  known 


as  plasma  self  biasing  effects. 

To  reduce  these  effects  it  is  thus  necessary  to  remove  the  negative  net  charge  from  the  sample  region. 
According  to  Fig.  2  this  can  be  realized  by  applying  positive  currents  to  the  external  magnet  (^opposite 
direction  of  magnetic  field  of  external  magnet  and  internal  ECR  magnet).  The  collected  net  current  can 
be  reduced  significantly  and  saturates  at  small  positive  values  possibly  due  diffusing  positive  nitrogen 
ions.  This  situation  corresponds  nearly  to  a  complete  removal  of  the  plasma  self  biasing  effect,  For 
negative  external  magnet  currents  the  current  collected  at  the  sample  stage  is  strongly  increased  and 
saturates  at  values  around  -18  mA.  This  corresponds  to  a  focusing  of  the  total  electron  current  towards 
the  sample  stage.  This  value  or  the  current  at  zero  external  current  can  be  regarded  as  a  measure  for  the 


activation  of  the  plasma. 

The  measurement  of  the  current  collected  at  the  sample  stage,  which  is  produced  by  the  plasma 


discharge,  allows  to  determine  the  spatial  distribution  of  the  charges  in  the  MBE  chamber.  In  a  numeric 
calculation  we  thus  calculated  the  potential  drop  between  ECR  discharge  region  and  sample  stage, 


which  is  a  measure  for  the  ion  energy,  for  different  external  magnet  currents: 

Without  external  magnetic  field,  a  relatively  strong  potential  drop  between  discharge  region  and 
sample  stage  of  about  15  eV  is  obtained.  For  a  negative  external  magnet  current  of  -5  A,  which 
corresponds  to  a  focusing  of  the  emission  characteristics  of  electrons  towards  the  sample  stage 
(Istage~-18mA),  we  obtain  an  increase  of  the  ion  energy  to  about  30  eV. 

For  increased  external  magnet  currents  (low  charge  density  at  the  sample  stage)  the  potential  drop  and 
therefore  the  ion  energy  is  significantly  reduced.  Finally  negligible  values  below  1  eV  are  obtained  for 
external  currents  of  about  +5  A,  This  regime  is  thus  chosen  for  the  activation  of  nitrogen  for  the 


growth  of  GaN  and  GaInN  with  high  microwave  powers  (150-200  W)  with  growth  rates  between 
0.3|xm/h  -  0.75  pm/h.  Without  the  external  magnet  setup  GaN-layers  with  high  optical  quality, 
comparable  to  those  described  in  this  paper,  could  only  be  realized  with  low  microwave  power 
(-60  W)  resulting  in  low  grovrth  rates  below  50nm/h.  Higher  microwave  power  (>80W)  caused 
plasma  induced  damage  in  the  structures  so  that  no  radiative  recombination  could  be  detected  when  no 


external  magnetic  field  was  applied. 
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3.  Growth  of  GaN  and  InGaN/GaN  -QW  and  cw-photoluminescence  (PL)  results 

Sapphire  is  chemically  cleaned  (H204:H3P04)  and  then  mounted  into  an  In-free  sample  holder. 
Homogeneous  sample  heating  up  to  wafer  temperatures  of  about  870°C  is  realized  by  a  backside 
coating  of  the  wafers.  After  mounting  into  the  load  lock  the  samples  are  outgassed  at  650°C  before 
being  transferred  into  the  growth  chamber.  Growth  was  carried  out  with  and  without  low  temperature 
AIN  buffer  layers.  The  deposition  of  GaN  is  carried  out  at  wafer  temperatures  of  about  820°C.  The 
beam  equivalent  pressure  of  Ga  is  typically  around 
510-'^Torr.  To  obtain  a  sufficiently  high  density  of 
excited  nitrogen  the  ECR  source  is  operated  at  high 
microwave  powers  up  to  200  W  with  nitrogen  fluxes  of 
about  1-2  seem.  The  growth  rate  for  the  GaN  layers  is 
between  0.3  and  0.75pm/h. 

Fig.  3  shows  a  PL  spectrum  of  a  GaN  layer  with  an  AIN 
buffer  layer  deposited  at  550°C  on  c-plane  sapphire.  The 
microwave  power  used  for  the  activation  of  nitrogen 
was  150  W  and  the  growth  rate  was  about  0.5pm/h.  The 
PL  shows  only  excitonic  recombination  with  a  FWHM 
of  less  than  5  meV  which  demonstrates  the  high  quality 
of  the  layers.  Yellow  luminescence  is  typically  not 
observed  in  such  layers. 

For  the  growth  of  GaInN/GaN-struemres  the  wafer 
temperature  is  significantly  lowered  to  about  620-640°C 
during  the  deposition  of  the  GaInN  layers  because  of  the 
high  desorption  rate  of  the  In  at  elevated  temperatures. 

To  increase  the  In/Ga  ratio  in  these  layers  the  total 
group-ni  flux  is  reduced  resulting  in  growth  rates  of 
about  0.15-0.2nm/h  during  the  growth  of  GalnN/GaN- 

structures. 

Fig.  4  shows  the  PL  of  two  different 
GaInN/GaN  film  structures  with  different 
active  layer  thicknesses  of  40  nm  and  4  nm 
deposited  with  identical  In/Ga  ratios.  As  a 
reference  we  plotted  also  the  emission  of  a 
GaN  structure  in  Fig.  4.  For  the  layer  with 
thick  GaInN  layers  we  observed  very 
efficient  radiative  recombination  in  the  blue 
green  at  2.6  eV.  The  recombination  is  most 
likely  due  to  localized  states  e.g.  In-rich 
clusters.  If  we  reduce  the  layer  thickness  to 
a  few  nm  (4  nm  GaInN/GaN  film  structure 
in  Fig.  4)  the  luminescence  shifts  strongly 
to  the  UV  at  3.2  eV  while  high  optical 
efficiency  is  preserved. 


Fig.  3  Near  bandedge  luminescence  of  a  GaN  layer  at 
10  K. 

X  I  nm  I 


Energy  [eV] 

Fig,  4  PL  recombination  of  three  different  samples;  pure  GaN, 
GaInN/GaN  film  structures  with  40nm  and  4imi  GaInN  films  at  10  K. 
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4.  Optically  pumped  stimulated  emission  of  GaN 

To  investigate  high  excitation  properties  of  the  GaN  layers  we  carried  out  optical  pumping  experiments 
with  a  pulsed  nitrogen  laser  in  stripe  excitation  geometry  [5],  The  laser  is  focused  with  a  cylindrical 
lens  onto  the  GaN  sample.  When  the  pumping  creates  optical  amplification  in  the  GaN  layers  intense 
amplified  spontaneous  emission  can  be  detected  from  the  edge  of  the  sample  in  rectangular  direction 
with  respect  to  the  excitation  beam.  Characteristic  signs  for  stimulated  emission  are  a  significant  line 
narrowing  above  the  threshold  and  an  exponential  dependence  of  the  stimulated  emission  intensity  on 
the  excitation  length  [I(L)~{exp(gL)-l },  g  -  optical  gain  coefficient,  L  -  excitation  length  [5]]. 

Fig.  5  shows  high  excitation  luminescence  spectra  of  an  GaN  layer  in  stripe  excitation  geometry  for 
different  excitation  lengths  at  room  temperature  (L  =  100  -  300  pm).  The  pumping  pulse  intensity  is 
approximately  1  MW/cm^. 

At  the  lowest  excitation  length  we  mainly  observe 
spontaneous  emission  with  a  FWHM  in  the  order  of 
lOOmeV.  When  the  excitation  stripe  length  is 
increased  from  100  pm  to  130  pm  a  sharp  feature 
appears  in  the  spectrum  due  to  the  onset  of 
amplification.  When  the  slit  length  is  increased 
further  up  to  300  pm  the  sharp  feature  grows  rapidly 
and  dominates  the  entire  luminescence  band.  The 
FWHM  of  the  stimulated  emission  line  is  about 
30  meV  i.e.  much  narrower  than  the  corresponding 
spontaneous  emission  band  at  short  excitation 
length.  The  optical  gain  determined  from  the  above 
experiment  is  around  100  cm*l.  Detailed  numerical 
line  shape  calculations  determine  a  threshold  carrier 
density  of  about  lOl^cm-S  at  room  temperature. 

The  realization  of  stimulated  emission  at  room 
temperature  at  low  threshold  pumping  intensity 

indicates  a  high  crystalline  quality  resulting  in  a  low  .  ,  Energy  [eV] 

_ „  u-  V  ^  j  Fig.  5  Optical  recombination  traces  of  a  GaN  layer  at  RT 

den  ity  of  nonradiaPve  recombination  centers  and  opUcally  pumped  in  stripe  excitation  geometry  L 
weak  opttcal  absorptton  due  to  defects  in  the  layers,  different  excitation  lengths  L. 

Regarding  the  high  microwave  power  (200  W)  used  for  the  deposition  of  the  GaN-layer  these  results 
confirm  that  the  external  magnet  in  on-axis  position  efficiently  removes  plasma  self  biasing  effects  and 
the  resulting  ion  damage  to  a  negligible  amount.  Additionally  the  layer  was  deposited  at  a  high  growth 
rate  of  about  0.3  pm/h  which  is  one  of  the  highest  growth  rates  for  which  room  temperature  stimulated 
emission  has  been  reported  up  to  now  for  GaN  layers  deposited  with  plasma  assisted  MBE  [6]. 


—  2000 


1000 


3.45  3.50 


[1]  S.  Strite  and  H.  Moricoc  1992,  J.  Vac.  Sci.  Technol.  B  10, 1237  and  references  therein 

[2]  S.  Nakamura,  T.  Mukai  and  M.  Senoh  1994,  Appl.  Phys.  Lett.  64,  1687 

[3]  S.  Nakamura,  M.  Senoh,  S.  Nagahama,  N.  Iwasa,  T.  Yamada,  T.  Matsushita,  H.  Hiroyuki  and  Y  Sugimoto  1996  Jon 
J.  Appl.  Phys.  35,  L2 17 

14]  A.  Ohtani,  K.S.  Stevens,  M.  Kinniburgh,  R.  Beresford  1995,  J.  of  Cryst.  Growth,  150,  902 

15]  K.  L.  Shakelee,  R.  F.  Leheny  1971,  Appl.  Phys.  Lett.  18,  475 

16]  O.  Gluschenkov,  J.  M.  Myoung,  K.  H.  Shim,  K.  Kim,  Z.  G.  Figen,  J.  Gao  and  J.  G.  Eden  1996,  Appl.  Phys.  Lett.  70, 


375 


Optical  Metastability  in  InGaN/GaN  Heterostructures 


I.  K.  Shmagin,  J.  F.  Muth,  and  R.  M.  Kolbas 

Electrical  and  Computa-  Engineering  Department,  North  Carolina  State  University,  Raleigh,  NC 
27695-7911 

R.  D.  Dupuis,  P.  A.  Grudowski,  C.  J.  Biting,  J.  Park,  B.  S.  Shelton,  and 
D.  J.  H.  Lambert 

Microelectronics  Research  Center,  The  University  of  Texas  at  Austin,  Austin,  TX,  78712-1 100 


Abstract.  Optical  metastability  was  studied  in  an  InGaN/GaN  single  heterostnicture.  It  was  observed  that  an 
exposure  to  a  high  intensity  ultraviolet  (UV)  light  tenqtoraryly  changes  the  optical  properties  of  the  InGaN/GaN 
epitaxial  layer.  The  photo-induced  changes  were  used  to  create  high  contrast  optical  patterns  on  the  sample  at  iwm 
temperature  and  77  K.  The  photo-induced  patterns  were  viewed  under  low-intensity  illumination  with  UV  light  from 
the  same  light  source. 


1.  Introduction 

Persistent  optical  and  electrical  effects  have  been  studied  in  Nitride  based  III-V  wide  band  gap 
semiconductors.  Deep  levels  are  responsible  for  posistent  photoconductivity  in  p-  and  n-type  GaN.[l,  2, 
3]  Optical  metastability  in  bulk  GaN  single  crystals  has  been  observed  [4]  and  optical  memory  effects 
have  been  seen  in  GaN  epitaxial  thin  films  that  have  distinct  morphological  feamres  [5].  Optical  data 
storage  was  realiied  in  InGaN/GaN  single  heterostructures.  [6]  Reconfigurable  optical  properties  were 
also  reported  in  InGaN/GaN  multiple  quantum  wells.[7]  In  general  persistent  effects  in  the  nitride  system 
seem  to  last  much  longer  than  in  other  semiconductors  due  to  the  larger  band  gap. 

2.  Experimental  Procedure 

InxGai-xN/GaN  single  heterostructures  were  grown  by  low-pressure  (Ptot=76  Tore)  metalorganic 
chemical  v^ior  deposition  (MOCVD)  on  c-plane  sapphire  substrates  using  trimethylgallium, 
thrimethylindium,  and  ammonia  The  structure  used  in  this  study  consisted  of  a  60  nm  thick  undoped 
InxGai-xN  (x=0.14)  layer  deposited  on  top  of  a  1.5  pm  thick  GaN  layer.  Further  details  of  the  growth 

process  can  be  found  elsewhere.  [8] 

Photoluminescence  and  transmission  spectroscopy  were  used  for  optical  characterization  of  the  sample.  A 
CW  Ar-ion  laser  and  frequency-tripled  (280  nm  operating  wavelength;  250  fs  pulse  duration)  output  of  a 
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Ti:sapphire  laser  were  used  as  the  excitation  sources  for  photoluminescence  measurements.  The 
measurements  were  conducted  at  room  (RT)  and  liquid  nitrogen  (77  K)  temperatures. 

To  write  patterns  on  the  sample  the  frequency  tripled  output  of  the  Ti:sapphire  laser  was  focused  to  a  spot 
approximately  200  pm  in  diameter.  The  peak  power  density  was  4  MWatts  cm-2.  The  focused  beam  was 
manually  translated  across  the  surface  of  the  sample  using  the  X-  and  Y-  micrometer  screws  on  the  lens 
mount  The  read  out  was  accomplished  by  defocusing  the  laser  beam  in  order  to  illuminate  the  entire 
sample  (approximately  3  mm  in  diameter).  The  photo-induced  patterns  were  observed  uncter  an  optical 
microscope  in  the  defocused  laser  light  A  long-pass  dielectric  filter  with  400  nm  cut-off  wavelength  was 
used  in  the  eyepiece  of  the  microscope  to  protect  the  viewer's  eyes  from  the  UV  light  The  surface  of  the 
sample  revealed  no  signs  of  damage  or  cracking  and  was  free  of  morphological  features  as  viewed  under 
the  optical  microscope. 

3.  Results  and  Discussion 

The  room  temperature  CW  photoluminescence  from  the  InGaN/GaN  single  heterostructure  was  centered  at 
408  nm  and  had  full  width  at  half  maximum  (FWHM)  of  18  nm.  The  indium  composition  of  the  InxGai- 
xN  was  calculated  to  be  x«0.14  from  the  photoluminescence  data.  The  77  K  pulsed  photoluminescence 
emission  intensity  increased  and  FWHM  narrowed  down  to  3  nm  at  the  input  power  densities  above  the 
threshold.  This  abrupt  inaease  in  the  output  emission  intensity  and  line  narrowing  are  indicative  of  the 
onset  of  stimulated  emission. 

It  was  observed  that  exposure  to  the  high  intensity  UV  light  temporarily  changes  the  photoluminescence 
properties  of  the  InGaN/GaN  single  heterostructure.  The  photoinduced  effect  can  be  reserved  as  a  change 
in  the  color  of  the  ouqjut  emission  under  “read”  conditions.  At  room  temperature  the  output  emission  from 
the  sample  looks  purple  prior  to  the  exposure.  When  the  patterns  are  written  as  described  above,  the 
written  area  appears  yellowish  to  the  eye.  The  difference  between  the  colors  of  output  emission  between 
the  exposed  areas  and  the  unwritten  areas  of  the  sample  is  detected  as  high-contrast  patterns,  as  shown  in 
Fig.  1.  The  photograph  is  reprroduced  in  black  and  white  which  enhances  the  contrast  ratio  between  the 
written  and  unwritten  areas.  The  photo-induced  lines  appear  discontinuous  because  the  laser  beam  was 
translated  across  the  sample  manually.  The  contrast  ratio  was  found  to  be  dqjendent  on  the  total  fluence 
deposited  on  the  sample,  as  was  determined  by  varying  the  exposure  times.  No  photo-induced  patterns  or 
surface  damage  were  observed  under  incandescent  light.  No  signs  of  etching  were  detected  on  the  sample 
with  the  written  pattern  on  it  under  the  optical  microscope  after  the  sample  was  submerged  in  HCl  to 
approximately  30  minutes.  After  this  process  the  pattons  were  still  observed  under  UV  excitation.  The 
photo-induced  patterns  were  written  and  read  using  a  CW  Ar-ion  laser  as  weU. 
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Fig.  1.  The  pattern  "TEST"  was  written  on  the  InGaN/GaN  SH  at  room  temperature 

with  a  focused  UV  laser  source.  The  writting  was  made  visible  by  illuminating  the  entire 
sample  ("read"  conditions).  The  sample  completely  self-restored  after  about  4  hours  at 
room  temperature. 


Fig.  2. 77  K  photoluminescence  spectra  before  (a)  and  after  (b)  the  patterns  were  written. 
The  integrated  intensity  decreases  after  the  part  of  the  sample  was  exposed  to  a  high- 
intensity  UV  light. 
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The  photo-induced  patterns  completely  self-erased  after  the  sample  was  left  under  incandescent  light  at 
room  temperature.  The  retention  time  for  the  InGaN/GaN  single  heterostructure  was  estimated  to  be 
approximately  4  hours  at  room  temperature  [6].  The  retention  time  £q)peared  to  be  dependent  on  the 
exposure  time  used  to  “write”  the  patterns.  A  lower  total  fluence  resulted  in  the  weaker  contrast  lines  and 
shorter  retention  time,  while  the  higher  exposure  levels  resulted  in  high  contrast  patterns  that  had  longer 
retention  times.  Preliminary  results  indicate  that  the  retention  time  is  much  longer  at  77  K.  After  the 
photo-induced  patterns  disappear  information  can  be  rewritten  on  the  same  area  of  the  sample  as  the 
previous  patterns  without  a  change  in  the  efficiency  and  retention  time. 

77  K  pulsed  photoluminescence  spectra  from  the  InGaN/GaN  single  heterostructure  before  and  after 
patterns  were  written  are  shown  in  Fig.  2  (a)  and  (b),  respectively.  The  output  emission  spectrum  firom 
the  InGaN/GaN  single  heterostructure  prior  to  writing  had  a  peak  position  at  407  nm.  The  long- 
wavelength  shoulder  of  the  spectrum  is  modulated  due  to  interference  effects  in  the  epitaxial  layer.  After  a 
part  of  the  sample  was  exposed  to  the  intense  UV  excitation  described  as  "write"  conditions,  the  integrated 
output  intensity  from  the  sample  decreases,  as  shown  in  Fig.  2  (b).  The  change  in  the  emission  spectrum 
is  detected  by  the  human  operator  as  a  high  contrast  pattern. 


The  preliminary  data  described  above  is  consistent  with  a  creation  and/or  filling  of  defects  in  the  InGaN. 
These  defects  have  a  long  retention  time,  which  is  indicative  of  a  large  lattice  relaxation  mechanism 
associated  with  the  defects. 
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Abstract.  The  current-voltage  relationships  in  organic  electroluminesent  devices  are  derived  for  the  following  two  cases: 
(i)  double-caiTier  injection  trap-charge  limited  (TCL)  regime,  and  (ii)  TCL  conduction  with  internal  photodetrapping. 
Several  experimental  observations  are  explained  based  on  our  equations.  Location  of  the  recombination  zone  is  predicted. 


1 .  Introduction 

Electroluminescent  (EL)  devices  based  on  organic  thin  films,  such  Alq,  have  shown  promising 
properties  for  low  power,  flexible,  cost-competitive  display  applications  [1-5].  Red,  green,  and  blue  light 
emitting  devices  are  readily  available.  Devices  with  luminous  efficiency  greater  than  15  ImAV  and  lifetime 


greater  than  10,000  hours  have  been  demonstrated. 
Like  its  inorganic  counterparts,  a  typical  organic 
electroluminescent  device  (OED)  consists  of  a  hole 
transport  layer,  an  electron  transport  layer,  and  a 
recombination  region.  Typically,  ITO  is  used  as  the 
hole  injection  electrode  and  a  low  work  function 
metal  layer  (e.g..  Mg)  is  used  as  the  electron 
injection  electrode.  At  present,  Alq  has  been  most 
widely  used  as  the  EL  layer  because  of  its 
temperature  stability  and  EL  efficiency. 

The  typical  current-voltage  (J-V)  characteristics 
of  an  Alq-based  OED  are  shown  in  Fig.  1 .  As  can  be 
seen,  the  J-V  characteristics  exhibit  four  regions;  (a) 
a  linear  region  (J~V)  at  low  voltage  (<2  V);  (b)  a 
J~V^'  (/~7);  (c)  a  J~  Y'*'  region;  and  (d)  a  series- 
resistance  dominated  region  (J  changes  toward 
linear-voltage  dependence).  Various  models  have 
been  proposed  to  explain  these  characteristics.  The 
main  ones  are:  (a)  the  thermionic  emission  model; 
(b)  the  Fowler-Nordheim  tuimeling  model;  and  (c) 
the  trap-charge  limited  (TCL)  model.  Models  (a)  ai 
relates  to  the  bulk  organic  layers.  In  this  paper,  we  r 


Fig.  1.  Typical  energy  alignments  in  an  Alq-based  organic 
electroluminescent  diode.  The  numerical  values  represent  the 
currently-believed  relative  energy  positions  (in  eV)  in 
reference  to  vacuum  of  the  highest  occupied  molecular  orbital 
(HOMO),  the  lowest  unoccupied  molecular  orbital  (LUMO), 
the  Fermi  levels  of  hole  (Ef(h))  and  electron  (Ep(e))  injecting 
electrodes.  The  additional  layers  (unlabeled)  besides  Alq  are 
the  hole  injecting  and  transporting  layers. 

(b)  relate  to  metal-organic  contacts  and  model  (c) 
1  mainly  discuss  the  bulk  TCL  theories  and  present 


results  of  our  study  on  this  subject. 


2.  Results  and  Discussions 

Typical  organic  materials  used  for  OED's  (e.g.  Alq)  can  be  categorized  as  semiconductors  according  to 
their  band  gap  values  (~3eV).  On  the  other  hand,  it  would  not  be  too  wrong  to  label  them  insulators  either, 
because  they  have  very  low  carrier  mobility  (-10'*  cmW.s,  or  smaller)  and  large  concentrations  of  traps 
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(~10'^  cm'^).  Due  to  the  large  trap  concentration,  the  current-voltage  dependence  in  organic  layers  deviates 
significantly  from  the  linear  ohmic  form  and  has  been  proposed  to  be  trap-charge  limited  (TCL). 


2. 1 .  Double-carrier  injection  in  trap-charge-limited  conduction 

The  single-carrier  TCL  transport  has  been  extensively  studied  [6],  With  the  assumption  of  an 
exponential  trap  energy  distribution,  the  current-voltage  characteristics  are  given  by  [7] 

.s 


J. 


e.h 


y  1*1 

’'e.h 

f  11*1  , 
^e.h 


(1) 


where  p  is  the  mobility,  is  the  density  of  states  in  the  carrier  band,  s  is  the  permittivity,  H  is  the  total  trap 
density,  L  is  the  thickness  of  the  organic  layer,  and  I  =  T/T  with  Tj,  being  the  characteristic  temperature  of 
the  trap  distribution.  The  subscript  e  or  h  denotes  the  quantity  being  either  for  electrons  or  holes.  Such  a 
current-voltage  power-law  relationship  has  been  observed  and  confirmed  by  many  experiments. 

In  the  TCL  double-carrier  injection  case,  however,  a  current-voltage  expression  has  not  been  derived,  to 
the  best  of  our  knowledge.  Simple  single-carrier  injection  formula  [Eq.(l)]  has  been  used  so  far  to 
approximate  the  total  current  [3-5,  8-10].  Because  of  the  fact  that  the  electron  mobility  (pj  is  much  larger 
than  the  hole  mobility  (pj  in  the  Alq  material  (p^®  (5±2)xlO‘^cmW.s  [11]  and  p^  ~  O.Olp^  [12]),  it  is 
commonly  believed  that  the  electrons  would  travel  all  the  way  to  the  interface  between  Alq  and  the  hole 
transport  layer  and  recombine  with  holes  in  the  immediate  vicinity  (a  few  monolayers)  of  that  interface. 
Furthermore,  it  is  also  intuitively  thought  that  the  double-carrier  injection  current  should  be  approximately 
equal  to  the  single-carrier  injection  current  under  otherwise  the  same  conditions  [3-5,  8-10].  However, 
experiments  often  showed  that  the  double-carrier  injection  current  is  one  to  two  orders  of  magnitude  larger 
than  the  single-carrier  injection  current  [13].  Apparently,  a  current-voltage  expression  taking  into  account  of 
both  carriers  is  needed  to  properly  understand  the  OED  characteristics. 

The  double-carrier  injection  problem  for  a  trap-fi«e  insulator  has  been  studied  first  by  Parmenter  and 
Ruppel  [14].  They  have  shown  that  the  current  can  be  written  in  the  form 

=  (2) 


with  the  effective  mobility  p^^  being  defined  by 
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where  p.„=sK/2e  is  called  the  recombination  mobility  with  AT  being  the  recombination  rate;  =  p/po  and  v^ 
=  Pi/Po.  For  inorganic  solids,  we  generally  have  v,,»  1  and  V|,»  1,  and  Eq.  (3)  can  then  be  reduced  to  Peir= 
(2/3)[27tp,Ph(p,+pJ/po]'''. 

Although  the  current-voltage  relationship  [Eq.  (2)]  has  the  same  form  as  the  Child’s  law  [6]  in  the 
single-carrier  trap-free  injection  case,  the  current  magnitude  can  be  quite  different  because  of  the  p^jf 
prefactor.  For  most  inorganic  materials,  the  electron  mobility  is  much  larger  than  the  hole  mobility  (p^  » 
PiJ.  Under  such  a  condition,  the  effective  mobility  in  Eq.  (3)  is  given  by  p^^  =  and  the 

current  becomes  ~  (Pi/Po)'^-fsi„gie,  where  =  sp^  according  to  the  Child’s  law  [6].  If  p^/po  = 
10^  we  have  ~  10(14i„gi,.  In  the  other  words,  the  current  in  a  double-carrier  injection  device  can  be 
much  larger  than  in  a  single-carrier  injection  device  at  the  same  applied  voltage.  This  result  is  the  direct 
consequence  of  relatively  large  carrier  mobility  and  small  recombination  rate  in  the  inorganic  materials. 
When  electrons  and  holes  are  injected  from  the  electrodes,  they  overlap  throughout  the  sample,  partially 
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canceling  the  electric  field  strength.  This  is  the  so  called  the  injected  plasma  limit  [15].  However,  for  organic 
materials,  such  as  Alq,  the  above  picture  does  not  apply  because  the  opposite  limit  is  tme,  namely,  «  1 
and  «  1 .  In  this  limit,  the  effective  mobility  in  Eq.  (3)  becomes  \x^g  =  Pe  +  Ph-  For  Pe »  Ph.  so  p^^  s 
Pj  according  to  Eq.  (3),  i.e.,  the  double-carrier  injection  current  would  have  the  same  order  of  magnitude  as 
the  electron-only  SCL  current.  This  result,  though  intuitively  straightforward,  is  inconsistent  with  the 
experimental  data  of  OED's  which  clearly  show  that  the  algebraic  sum  of  the  electron-only  and  hole-only 
SCL  currents  is  much  less  than  the  observed  current  in  the  two-carrier  device  [13]. 

The  reason  why  Parmenter  and  RuppeTs  results  can  not  be  used  to  explain  the  OED  experimental  data  is 
that  the  traps  are  not  included  in  their  theory.  With  assumptions  made  possible  by  the  very  low  mobility  in 
OED's,  it  is  possible  to  obtain  an  analytical  expression  for  the  double-carrier  injection  TCL  current.  We  will 
derive  such  a  solution  as  follows. 

Let  us  consider  the  TCL  current  in  an  OED.  Because  of  the  low  mobility,  the  effective  carrier 
recombination  rate  is  relatively  large  and  the  carrier  recombination  zone  is  limited  to  a  very  thin  plane  in  the 
device,  i.e.,  the  space-charge  overlap  is  very  small  in  this  system,  in  contrast  to  the  injected  plasma  limit  as 
in  most  inorganic  materials  [15].  The  recombination  zone  can  then  be  described  using  the  phenomenological 
parameters  such  as  voltage  drop  (F,)  crossing  the  thin  recombination  zone  and  the  thickness  (L,)  of  this  zone. 
The  sum  of  the  segmental  thicknesses  or  voltages  should  be  equal  to  the  respective  total  values  of  the 
organic  layer; 

V=K+K+K,  L=ie+A+4.  (4) 

where  the  subscripts  e,  h,  and  r  stand  for  electron-,  hole-dominated  TCL,  and  recombination  regions, 
respectively.  Using  Eqs.  (1)  and  (4),  the  current  continuity  condition  (J  =  J^=  J^,  as  well  as  the  constant 
field  approximation  [6],  we  obtain  the  double-carrier  injection  TCL  current-voltage  characteristic  in  terms  of 
the  total  thickness  (L)  and  the  total  voltage  drop  (V)  as: 

=  (5) 

A.=(|r)'"4.  (6) 
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For  V »  Fj  and  L  »  L,  (typical  case  in  OED's),  we  have  JxV*',  which  has  the  same  form  as  in  the  single¬ 
carrier  injection  case.  However,  because  of  the  prefactor  =  (Pe'^+Ph'^^>  iFe  current  magnitude  can  again 
be  significantly  different  from  the  single-carrier  injection  case.  This  result  is  also  in  disagreement  with  the 
usual  belief  that  Pcff-p,,  +  p,,  for  organic  devices  with  two  separate  TCL  currents.  Compared  to  the  sum  of 
the  two  single-carrier  injection  currents,  the  double-carrier  injection  current  is  enhanced  by  a  factor  of 
[U-(Pi/Pj)'"]V(U-pi,/pJ.  For  trap-free  case  (/  =  TJT  =  1),  this  factor  is  unity  and  there  is  no  current 
enhancement  at  all.  On  the  other  hand,  for  an  OED  with  a  large  density  of  traps  (corresponding  to  /  »  1), 
this  factor  can  be  very  large.  For  example,  with  pi/p^  =0.01,  the  enhancement  factor  is  about  35  for  /  =  8  and 
132  for  /  =10,  respectively,  which  explains  the  larger  double-carrier  injection  currents  observed  in  OED's 
[13].  This  enhancement  arises  from  trap-related  effect.  It  is  important  to  note  that  even  though  the  ratio 
(p^/pj  is  much  smaller  than  unity,  its  l//-th  (~  1/8)  power  can  not  be  ignored  in  evaluating  the  current. 

Another  importance  of  our  theory  is  its  ability  to  predict  the  location  of  the  recombination  zone  (Eq.  (6)). 
As  mentioned  previously,  the  electrons  in  Alq  are  considerably  more  mobile  than  holes  because  p^  »  p,,. 
So,  one  would  intuitively  expect  that  it  is  much  harder  for  holes  to  move  into  the  bulk  of  Alq,  and  the 
recombination  zone  will  be  very  close  to  the  hole  transporter/Alq  interface.  However,  according  to  Eq.  (6), 
the  location  of  the  recombination  zone  depends  on  both  /  and  P]/Pe.  For  small  /  and  small  Pi/Pe,  the  zone  is 
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indeed  close  to  that  interface;  whereas  for  very  large  /,  the  location  of  the  zone  is  in  the  middle  of  Alq, 
almost  independent  on  the  ratio  of  Pi/Pe.  For  example,  for  /  =  8  and  Pi/p^  =  0.01,  we  have  =  0.56 
according  to  Eq.  (6).  Thus  for  a  lOOOA  -Alq  device,  the  recombination  zone  is  located  at  about  360A  away 
from  the  hole  transporter/Alq  interface,  i.e.,  the  recombination  zone  is  located  significantly  inside  the  bulk  of 
Alq,  against  the  common  belief.  Again,  such  a  shift  of  the  recombination  zone  into  the  bulk  orgamc  layer  is 
related  to  the  trapping  effect.  This  new  revelation  of  the  intricate  differences  between  double-carrier 
injection  and  single-carrier  injection  processes  in  the  TCL  conduction  process  is  very  important  in  designing 
OED  stractures.  For  example,  knowing  the  location  of  the  recombination  zone,  one  can  maximize  the 
efficiency  or  tune  the  emission  spectrum  by  delta-doping  at  the  zone  or  other  means. 


2.2.  Internal  photo-detrapping 

To  explain  the  J~V'^  dependence  (region  (b)  in  Fig.  1),  we  noticed  that  at  the  onset  of  region  (b),  the 
OED  begins  to  illuminate.  The  illumination  intensity  (I)  is  almost  strictly  linear  in  current  (J).  The  emitted 
light  can  in  term  be  re-absorbed  internally  by  the  organic  layer  by  releasing  trapped  carriers.  We  call  this 
process  internal  photo-detrapping  (IPD).  The  IDP  process  can  increase  the  free-to-trapped  earner  ratio  and 
thus  the  current.  By  assuming  I=aJ,  we  derived  the  new  J-V  expression  under  IPD  condition: 


J  = 


H 


(Pe+PA) 


(7) 


where  A(k)  is  the  photodetrapping  rate  constant,  a  is  the  capture  cross  section  of  the  trap,  v  is  the  carrier 
thermal  velocity.  Apparently,  region  (b)  in  Fig.  1  can  be  very  well  explained  by  the  above  result.  The 
transition  from  (b)  to  (c)  in  Fig.  1  is  probably  due  to  the  light  saturation  effects  observed  in  insulators  [6]. 


3.  Conclusions 

We  have  derived  analytical  current-voltage  relationships  for  TCL  double-carrier  injection  OED's  with  or 
without  the  IPD  process.  Special  effects  on  current  magnitudes  and  locations  of  the  recombination  zone  are 
discussed. 
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Monolithic  integration  of  a  GalnAs  PIN  photodiode  and 
AlGaAs/GaAs/AlGaAs  HEMTs  on  GaAs  substrate 


W.  Bronner,  W.  Benz,  M.  Dammann,  P.  Ganser,  N.  Grun,  V.  Hurm,  T.  Jakobus, 

K.  Kohler,  M.  Ludwig,  E.  Olander 

Fraunhofer-Institut  fiir  Angewandte  Festkorperphysik,  Tullastr.  72,  D-79108  Freiburg,  Germany 

Abstract.  A  monolithic  integrated  optoelectronic  receiver  for  a  wavelength  of  1 .55  pm  consisting  of  a  GalnAs  PIN 
diode  and  a  transimpedance  AlGaAs/GaAs  HEMT  amplifier  has  been  fabricated.  The  available  technology 
includes  three  etch  processes,  five  metal  lift-off  processes,  an  oxygen  implantation  for  device  isolation,  two 
dielectric  layers  of  SiN  and  an  electroplated  gold  interconnection  layer.  The  gate  levels  for  enhancement  and 
depletion  FETs  were  carried  out  using  e-beam  lithography  with  gate  lengths  of  0.3  pm.  The  responsivity  of  the 
photodiodes  is  0.40  AAV,  and  the  photoreceiver  has  a  -3  dB  bandwidth  of  6.9  GHz.  Clear  and  open  eye  diagrams 
for  a  10  Gbit/s  optical  data  stream  have  been  obtained.  At  this  data  rate  the  sensitivity  of  the  photoreceiver  is  better 
than  -17.5  dBm  (BER=10  ’).  The  yield  of  this  circuit  is  better  than  80  %  realized  on  2“  wafers. 


1.  Introduction 

Data  transmission  over  long  distances  requires  transmitters  and  receivers  for  wavelengths  of  either  1.3 
or  1.55  |xm.  Monolithic  integration  of  such  devices  results  in  compactness,  and  high  speed  operation. 
Most  detectors  reported  so  far  for  these  wavelengths  have  been  processed  on  InP  substrates.  An 
alternative  approach  is  the  use  of  GaAs  substrates  and  the  advantage  of  a  well-established 
AlGaAs/GaAs  HEMT  device  technology.  Recently  we  reported  on  the  first  10  Gbit/sec  long 
wavelength  photoreceiver  grown  on  GaAs,  combining  AlGaAs/GaAs  HEMTs  and  GalnAs  metal 
semiconductor  metal  (MSM)  photodiodes  [1,2],  We  have  now  successfully  integrated  InGaAs  PIN 
photodiodes  using  a  similar  technology. 

2.  Technology 

2.1  MBE  Growth 

The  vertical  structure  is  grown  on  a  semi-insulating  GaAs  substrate  in  a  single  molecular  beam  epitaxy 
run.  The  structure  includes  the  Gao.47Ino.53As  PIN  structure  on  top  of  the  HEMT  structure.  The  layer 
sequence  of  the  HEMT  structure  consists  of  the  electron  channel  6-doped  on  both  sides  in  the  electrical 
confinement  and  the  threshold  adjustment  for  enhancement  and  depletion  transistors  [3].  Between  the 
HEMT  and  the  PIN  structure  a  3  nm  AlGaAs  etch  stop  layer  and  a  300  nm  GaAs  sacrificial  layer  are 
grown.  These  two  layers  are  used  to  uncover  the  HEMT  structure  during  the  fabrication  process  by  etch 
techniques.  A  compositionally  graded  buffer  beginning  with  Alo.51Gao.49As  and  ending  with 
Alo.48lno.57As,  having  a  total  thickness  of  600  nm,  was  grown  to  accommodate  the  lattice  mismatch 
between  GaAs  and  Gao.47Ino.53 As  [4].  During  the  buffer  growth  the  effusion  cell  temperatures  of  Ga 
and  In  are  continuously  varied  while  the  A1  and  As  fluxes  are  kept  constant.  Finally,  the  PIN  structure 
consisting  of  300  nm  n-doped  Gao.47Ino.53As  (Si:  5  x  10**  cm  ),  an  undoped  absorption  layer  of  400  nm 
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Gao.47Ino.53As  and  300  nm  p-doped  Gao.47Ino.53As  (Be:  2  x  10‘®  cm‘^)  is  grown  (Figure  1).  The 
heterostructure  shows  mirror-like  optical  surface  quality.  The  cross-hatched  morphology  observed  in  an 
interference  contrast  microscope  indicates  the  existence  of  misfit  dislocations  with  a  two  dimensional 
growth  still  present  [4].  The  surface  roughness  is  in  the  range  of  7  to  10  nm.  The  whole  structure  for 
the  photodiodes  including  the  buffer  layer  was  designed  to  be  vertically  compact  and  not  do  exceed  a 
thickness  of  to  2  pm  to  avoid  problems  during  further  processing  with  contact  lithography.  The  PIN 
structure  was  also  grown  lattice  matched  on  InP  for  comparison  of  the  photodiode  performance. 

2.2  Device  Fabrication 

Fabrication  of  the  photoreceiver  begins  with  the  Ti/Pt/Au  metal  layer  for  the  p-contacts  of  the 
photodiodes.  This  layer  also  includes  alignment  marks  for  all  subsequent  process  steps.  Photodiode 
mesas  are  structured  in  two  masking  steps  using  a  combination  of  wet  and  dry  etching  techniques.  A 
non  selective  wet  etch  solution  based  on  phosphoric  acid  is  first  used  to  reach  the  n-doped 
Gao.47Ino.53  As  layer.  This  process  step  requires  an  exact  control  of  composition  and  temperature  of  the 
solution  and  also  of  etching  time.  With  the  second  mask  the  same  solution  is  used  to  remove  all  the 
remaining  layers  of  the  PIN  structure  and  is  interrupted  within  the  GaAs  sacrificial  layer  while  a  highly 
selective  dry  etch  stops  at  the  AlGaAs  layer  on  top  of  the  HEMT  structure.  A  Ni/Ge/Au  metallization  is 
used  as  n-contact  for  the  PIN  diodes  and  is  processed  together  with  the  source  and  drain  regions  of  the 
HEMTs.  Alloying  of  the  contacts  takes  place  on  a  hotplate  at  400°C  for  one  minute.  The  devices  are 
isolated  from  each  other  by  an  oxygen  implantation.  Ti/Pt/Au  transistor  gates  with  a  length  of  0.3  pm 
are  defined  by  electron  beam  lithography  and  are  processed  using  reactive  ion  etching,  metal 
evaporation,  and  lift-off  technique.  Great  care  has  to  be  taken  during  the  gate  recess  etch  process  to 
protect  the  PIN  mesas  against  damage  at  the  mesa  edge.  Further  processing  includes  NiCr  thin  film 
resistors,  a  first  interconnection  metal  (Au),  a  silicon  oxynitride  dielectric  layer  and  an  electroplated 
air-bridge  layer  to  interconnect  PIN  diodes  and  electronic  circuits  (Figure  1). 


Fig.  1:  Schematic  drawing  of  a  1.3  -  1.55  pm  wavelength  GalnAs  PIN  photodiode  integrated 
with  an  AlGaAs/GaAs  HEMT.  The  left  part  shows  the  MBE  structure  of  the  PIN  diode.  The 
integration  of  the  different  devices  is  sketched  in  the  right  part  of  the  figure. 
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MIM  capacitors  can  be  realized  between  these  two  interconnection  metals.  The  dielectric  layer  also 
serves  as  an  anti-reflection  coating  for  the  photodiodes.  All  mask  levels  with  the  exception  of  the  gates 
are  processed  by  optical  contact  lithography.  For  the  metal  layers  image  reversal  resist  and  lift-off 
technique  is  used. 

3.  Characterization  and  results 

3. 1  PIN  diodes 

The  InGaAs  photodiodes  were  characterized  by  irradiation  with  light  of  1.55  |a.m  wavelength  from  a 
calibrated  laser  diode.  Within  the  saturation  region  a  linear  dependence  of  the  photodiode  current  on 
the  incident  power  was  found.  The  responsivity  is  0.40  A/W  at  -2  V  bias  (operating  condition  of  the 
photoreceiver).  The  dark  current  is  less  than  10  nA  and  the  breakdown  voltage  is  greater  than  5  V.  The 
frequency  response  of  the  diodes  was  determined  for  two  light  sensitive  area  diameters:  20  pm  and 
10  pm.  The  -3  dB  bandwidths  are  14.9  GHz  and  greater  than  20  GHz,  respectively.  The  respective 
capacitances  are  234  fF  and  109  fF,  this  implies  that  the  photodiodes  are  limited  by  the  RC  time 
constant  of  the  capacitance  and  the  load  resistance.  The  characteristics  of  the  same  photodiodes  grown 
on  InP  substrate,  which  have  been  fabricated  for  comparison,  are  nearly  identical. 


Fig.  2:  SEM  picture  of  a  monolithically  integrated  photoreceiver.  A  PIN  diode  with  20  pm 
diameter  (left)  is  shown  together  with  a  part  of  the  transimpedance  amplifier. 

3.2  Photoreceiver 

A  photoreceiver  consisting  of  a  PIN  diode,  a  transimpedance  amplifier,  a  second  amplifier  stage,  and  a 
two-stage  differential  amplifier  was  fabricated  (figure  2).  The  chip  size  is  1 .0  x  1.0  mm  .  For  the 


386 


photoreceiver  a  -3  dB  bandwidth  of  6.9  GHz  was  measured.  It  is  limited  by  the  RC  time  constant  of  the 
photodiode  capacitance,  the  amplifier  input  capacitance  and  the  feedback  resistance  within  the 
transimpedance  amplifier  stage.  The  response  to  pulse  modulated  optical  signals  was  tested  by  means 
of  a  pulse  pattern  generator.  Eye  diagrams  of  the  two  output  voltages  show  that  the  photoreceiver 
operates  successfully  at  a  data  rate  of  10  Gbit/s  (see  figure  3).  The  bit  error  rate  as  a  function  of  the 
received  optical  power  leads  to  a  sensitivity  of  better  than  -17.5  dBm  (BER  =  10'^).  On  all  processed  2“ 
wafers  we  achieved  a  yield  for  this  device  better  than  80  %. 


Out1 


Out2 


Time  [50  ps/div] 

Fig.  3:  Eye  diagrams  of  the  two  photoreceiver  output  voltages  for  10  Gbit/s  optical  pulse  input 
at  a  wavelength  of  1.55  (im,  (NRZ  2'’-l  pattern  length  PRBS,  optical  input  power  -4  dBm). 

4.  Conclusion 

We  have  fabricated  the  first  long  wavelength  PIN-HEMT  photoreceiver  grown  on  GaAs  operating  at  a 
data  rate  of  10  Gbit/s.  Responsivity,  dark  current  and  bandwidth  are  the  same  for  PIN  diodes  grown  on 
GaAs  or  on  InP  substrate.  However,  the  technology  described  here  has  more  advantages.  The  use  of 
GaAs  substrates  allows  very  easy  the  transition  to  larger  wafer  size  of  3“  or  4“.  With  the  quaternary 
buffer  layer  the  indium  content  of  the  absorption  structure  is  variable  therefore  the  PIN  structure  can  be 
‘tailored’  for  a  large  range  of  different  wavelengths.  The  excellent  performance  and  yield  of  the  GaAs- 
based  process  offers  the  possibility  to  realize  optoelectronic  integrated  circuits  with  even  higher 
complexity  and  functionality. 
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Abstract.  We  have  fabricated  and  characterized  lateral  current  injection  (LCI)  ridge-waveguide  lasers  with 
implanted  contacts.  Comprehensive  optical  and  electrical  measurements  have  been  performed  over  a  wide 
temperature  range  (lOK  to  300K)  on  two  sets  of  lasers  with  differing  ridge  widths  and  active  region  stractures. 
Several  new  phenomena  unique  to  the  LCI  mechanism  have  been  observed  and  explained,  including  a  positive 
differential  resistance  kink  at  threshold,  and  an  inverse  temperature-dependence  of  quantum  efficiency  and 
threshold  current  at  cryogenic  values.  Electron/hole  mobility  disparity,  local  carrier  non-pinning  above  threshold 
due  to  photon-assisted  carrier  diffusion,  and  intrinsically  higher  current  densities  have  been  experimentally 
identified  as  the  major  factors  governing  LCI  laser  characteristics.  The  results  have  important  implications  for 
optimum  LCI  laser  design  and  ultimate  performance. 


The  lateral  current  injection  (LCI)  laser,  with  n  and  p  contacts  on  the  same  side  of  the  wafer  and  current 
flowing  along  the  quantum  wells  (QWs),  has  considerable  advantages  over  more  traditional  vertical 
current  injection  (VCI)  devices:  it  is  inherently  more  suitable  for  planar  OEIC,  offers  greater  integrated 
electronics  compatibility,  and  frees  the  vertical  dimension  for  control  (e.g.  gating)  of  laser  operation  and 
for  novel  functionalities.  However,  wider  use  of  LCI  lasers  has  been  impeded  by  their  inferior  lasing 
efficiency  compared  to  that  of  the  best  VCI  lasers,  and  in  part  by  the  technological  difficulties  associated 
with  double  regrowth  and/or  impurity  diffusion  processes  employed  so  far  for  LCI  contact  formation 
[1-3].  Our  theoretical  studies  have  shown  that  the  ultimate  performance  of  ion-implanted  ridge  LCI 
lasers,  compatible  with  OEIC  technology,  can  be  superior  to  that  of  VCI  devices,  if  designed  in 
accordance  with  the  distinct  operational  physics  of  LCI  devices.  However,  such  a  design  requires  in- 
depth  investigations  of  the  complicated  lateral  bipolar  transport  in  LCI  lasers. 

Here,  we  report  on  the  fabrication  and  characterization  of  what  we  believe  is  the  first  working  ion- 
implanted  LCI  ridge-waveguide  laser.  We  investigated  the  use  of  ion  implantation  for  p*-  and  n*- 
contact  region  formation,  and  performed  the  first  comprehensive  analysis  of  a  number  of  operational 
features  (mechanisms)  intrinsic  and  unique  to  the  LCI  laser.  These  include:  (i)  the  disparity  in  in-plane 
transport  of  electrons  and  holes  and  the  consequences  for  modal  gain,  threshold,  and  quantum 
efficiency;  (ii)  the  issues  of  lateral  carrier  confinement  and  local  non-pinning  due  to  photon-assisted 
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diffusion;  and  (iii)  the  nature  and  device  consequences  of  high  current  density  (but  low  current) 
operation. 

The  laser  structures  (Fig.l)  were  grown  on  semi-insulating  GaAs  by  MBE.  After  ridge  formation,  n- 
and  p-  contacts  were  formed  respectively  via  implantation  of  Si  and  co-implantation  of  Be  and  P  (with  P 
providing  both  control  of  Be  diffusion  and  better  QW  intermixing).  The  implants  were  annealed 
simultaneously  at  a  temperature  optimized  for  maximum  Si  activation.  Annealing  time  was  chosen  to 
intentionally  out-diffuse  Be  into  the  active  QW  region  under  the  ridge,  which  is  a  design  counter¬ 
measure  to  mobility  disparity,  suggested  by  our  theoretical  studies  [4,5]. 


0  10  20  30  40  50  60  70  80  90  100110 


Fig.  1  The  ridge-waveguide  LCI  laser  design. 

Asymmetry  in  doping  profile  is  due  to  larger 
diffusivity  of  Be. 


Current,  mA 

Fig.2  Light-current  characteristics  of  a  2  jam  ridge  laser 


Two  structures,  with  different  waveguide-active  MQW  regions,  were  grown  and  processed  as 
described  above:  the  undoped  structure  LCI#1  employed  two  60A  InozGao.sAs  QWs  sandwiched 
between  two  150A  GaAs  waveguides  and  separated  by  a  120A  GaAs  barrier  layer;  and  structure  LCI#2 
had  a  p-doped  (Be  5x10'^  cm’^)  active  region  consisting  of  3  Ino.osGaossAs  QWs  separated  by  lOOA 
Alo.2Gao.8As  barriers,  and  sandwiched  between  two  4(X)A  AlozGaosAs  wave-guiding  layers.  The  p- 
doping  was  intended  to  provide  an  additional  supply  of  holes  along  the  active  region,  in  order  to  partly 
compensate  for  lower  hole  mobility  and  make  the  lateral  gain  profile  more  uniform. 

A  set  of  lasers  was  fabricated  from  each  wafer,  with  ridge  width  d  ranging  from  0.6  to  10  pm  for 
LCI#1;  and  from  0.6  to  2.6  pm  for  LCI#2.  To  probe  and  quantify  lateral  transport  effects,  L-I  (Fig.2), 
electrical,  spectral  and  far-field  characteristics  in  cw  and  pulsed  regimes  were  measured  at  temperatures 
from  lOK  to  310K. 

For  both  laser  sets,  optimum  ridge  width  was  found  to  be  -1-1.5  pm,  with  threshold  current  J,h 
increasing  for  both  wider  and  narrower  devices;  however,  optimum  ridge  width  is  likely  dependent  on 
the  degree  of  QW  intermixing,  and  hence  bandgap  broadening,  in  the  contact  regions.  By  measuring  the 
L-/  slope  below  threshold  as  a  function  of  ridge  width  d,  we  found  that  the  increase  in  J,k  for  narrower 
devices  is  caused  by  decreasing  injection  efficiency  and  increasing  electron  escape  to  the  p-contact 
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region  as  d  becomes  smaller  than  the  ambipolar  diffusion  length  (~1.2  |rm  at  273K  for  our  structures). 
This  leakage  was  found  to  be  the  main  cause  of  quantum  efficiency  deterioration  at  high  temperatures 
for  both  sets  of  lasers,  with  much  more  severe  effects  for  the  LCI#1  lasers  (Fig.3,4).  However,  leakage 
was  greatly  reduced  for  the  LCI#2  lasers  by  employing  a  wide  p-doped  active  region  with  higher 
barriers,  yielding  lasing  at  temperatures  above  300K.  In  pulsed  regime,  300  |j,m  long  LCI#2  lasers  of 
ridge-width  1.6  |im  at  room  temperature  had  a  45  mA  threshold.  The  lasers  from  both  sets  suffered 
from  a  large  contact  resistance,  which  impeded  cw  lasing  at  room  temperature  and  must  be  optimized. 
At  cryogenic  temperatures,  however,  their  characteristics  (230  |J,A  cw  threshold  and  -0.3  W/A/facet 
slope  efficiency  for  above-mentioned  LCI#2  lasers)  were  comparable  to  those  of  the  best  ridge- 
waveguide  VCI  lasers  of  similar  dimensions  at  the  same  temperature. 
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Fig. 3  LCI#1  laser  threshold  current  and  slope  efficiency 
vs.  temperature  for  different  ridge  widths. 
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Fig.4  LCI#2  laser  threshold  current  and  slope 
efficiency  vs.  temperature  for  different  ridge  widths. 


Investigations  over  a  wide  temperature  range  enable  the  identification  of  key  factors  affecting  LCI  laser 
performance  which  are  responsible  for  reducing  external  laser  quantum  efficiency  as  temperature 
increases.  Behavior  was  found  to  differ  from  that  of  vertical  injection  devices  in  several  major  aspects, 
including  a  positive  kink  at  threshold  in  dVIdI  vs.  I  (Fig.5)  associated  with  the  finite  resistance  of  the 
active  region  (as  opposed  to  the  negative  kink  for  VCI  lasers);  first-order  mode  lasing  preceding 
fundamental  mode  lasing  for  wider  ridges  (Fig.6);  rising  quantum  efficiency  and  decreasing  threshold  as 
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temperature  increases  for  T<40-60K  (Fig.4);  and  fast  efficiency  roll-off  for  T>200K.  Moreover, 
behavior  varied  qualitatively  in  different  temperature  ranges  (Fig.3,4):  the  probable  dominant  factor  at 
low  T  (<  lOOK)  is  the  temperature  dependence  of  diffusion  coefficient  and  mobility,  and  at  high  T 
(>  200K)  is  electron  escape  (leakage)  from  the  active  region. 
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Fig. 5  Temperature  evolution  of  the  cw  electrical 
characteristics  of  LCI  lasers. 
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Fig. 6  Far-field  evolution  of  an  LCI  laser  at  low 
temperature 


Analysis  of  threshold  current  and  emission  efficiency  in  laser  and  LD  regimes,  together  with  far-field 
and  electrical  characteristics,  indicate  a  strong  temperature-dependent  influence  of  lateral  carrier 
nonuniformity  on  laser  characteristics,  with  continuing  changes  in  carrier  profile  above  threshold  (local 
carrier  non-pinning  effect).  These  phenomena,  together  with  high  operation  current  density  and 
insufficient  lateral  carrier  confinement,  explain  the  increased  carrier  leakage  found  in  the  LCI  lasers. 
Analysis  and  comparison  with  theoretical  results  show  that  a  thick  and  narrow  active  region,  high  MQW 
intermixing  in  the  contact  regions  (or  buried  LCI  structures),  and  possibly  heavier  doping  of  the  p+ 
lateral  cladding  layers  are  required,  in  order  to  overcome  the  observed  negative  effects  and  arrive  at  an 
LCI  laser  competitive  in  performance  with  VCI  counterparts. 

In  conclusion,  we  fabricated  two  sets  of  ion  implanted  LCI  lasers  with  differing  active  regions  and 
ridge  width.  The  laser  structures  with  higher  barriers,  better  confinement  factor  and  p-doping  of  active 
region  demonstrated  significantly  lower  current  leakage  and  lased  at  room  temperature.  The  lasers’ 
threshold  and  electrical  characteristics,  together  with  spectral  and  far-field  results  for  varying  ridge 
width,  are  compared  with  theoretical  model  predictions.  The  observed  new  behaviors  have  significant 
implication  on  optimum  LCI  laser  design  and  ultimate  performance. 
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Abstract.  The  electron  and  hole  multiplication  characteristics  (M^  and  M respectively)  in  thin  (w-O.l- 
pm)  Al^Gai_^As(500A)/GaAs(500A)  heterostructures,  with  0.3^0.6,  in  a  p-i-n  configuration  have 
Ijeen  determined  experimentally.  At  low  electric  fields,  and  are  very  different  as  they  are 
primarily  determined  by  the  ionisation  characteristic  of  the  latter  half  material,  in  the  directions  of  their 
transport,  due  to  dead  space  effects.  However  as  the  electric  field  increases  the  feedback  of  the  opposite 
carrier  type  causes  ionisation  in  the  other  half  of  the  structure  as  well.  Eventually  M  ^  and  M  become 
similar  and  converge  to  that  of  the  equivalent  alloy. 


1.  Introduction 


Heterostructures  are  now  commonly  used  in  Avalanche  Photodiodes  to  enhance  the  breakdown  or  to 
inqirove  the  gain  bandwidth  product  [1].  However,  to  the  best  of  our  knowledge,  no  one  has  studied 
carrier  transport  across  a  heterointeifice  at  the  high  electric  fields  (if=300-1000kV/cm)  in  an 
avalanching  device.  To  investigate  this,  we  have  designed  a  series  of  single  Al^Gai_j5As/GaAs 
heterostructures  in  a  p-i-n  configuration  and  studied  the  effect  of  the  band  edge  discontinuity  by 
measuring  accurately  the  carrier  multiplication  down  to  very  low  values. 


2.  Experiment 

The  structures  were  grown  by  MBE  on  (001)  n"^  GaAs  substrates  in  a  p'^in^  configuration.  Two 
different  types  of  heterostructure  were  grown.  For  heterostructure  type  A,  a  thin  n  AlAs  etch-stop 
layer  (0.  l-|xm)  was  first  grown  on  top  of  an  n  ^  GaAs  buffer,  followed  by  a  1-pm  thick  Si  doped  GaAs 
n'''  layer.  Subsequently,  the  i-region,  consisting  of  a  500A  GaAs  and  a  500A  Al^Gai_j.As  undoped 
layer  were  grown.  The  growth  was  conqileted  by  a  1-pm  thick  Be  doped  Al^Gaj.^As  p  cladding 
layer  capped  by  a  lOOA  p  GaAs  contact  layer.  Heterostructure  type  B  was  the  conqilimentary  layer  to 
type  A,  i.e.,  after  the  0.  l-pm  AlAs  etch-stop  layer,  a  1-pm  thick  Al^  Ga  i_;t  As  n'*’  cladding  layer  was 
grown,  followed  by  the  SOOA  Al^Gai_j.As  and  the  500A  GaAs  undoped  layers,  and  finally  a  1-pm 
thick  GaAs  p  ^  top  contact  layer.  Three  pairs  of  such  structures  were  grown  with  A1  content  of  0.30, 
0.45  and  0.60,  allowing  us  to  investigate  the  effect  of  electron  transport  across  a  direct  and  indirect 
Al^Gai_^As-GaAs  interface.  The  exact  A1  con[q)Osition  for  each  layer  was  determined  from  high 
resolution  X-ray  rocking  curves,  obtained  using  a  double  crystal  diffractometer.  The  thicknesses  of  the 
Al^Gai_^As  and  GaAs  heterostructure  layers  were  obtained  by  fitting  to  the  pendellosung  fiinges  of 
the  rocking  curves  using  a  commercial  program  These  results  were  then  used  to  estnnated  the 
thicknesses  of  the  undoped  A1  ^  Ga  As  and  GaAs  regions  from  the  growth  times. 
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Figure  1.  Simulated  X-ray  rocking  curves  fitted  to  experimental  results.  The  A1  compositions  were  (a)  45%,  (b)  47%. 
Inset  shows  the  (a)  type  A,  (b)  type  B  band  structure. 


Fig.l  shows  the  typical  rocking  curves  of  the  Al~45%  heterostructures;  the  estimated  imdoped 
Al^  Ga  As  and  GaAs  layer  thicknesses  are  shown  in  Table  1.  Circular  mesa  diodes  of  radius  50pm, 
100pm  and  200pm  with  top  annular  contacts,  for  optical  access,  were  then  fabricated  using 
conventional  photolithography  techniques.  Capacitance-voltage  profiles  were  obtained  using  a  Hewlett- 
Packard  4275A  multi-fi'equency  LCR  meter.  The  doping  values  and  i-region  thickness  were  then 
deduced  using  a  carrier  transport  model  incorporating  Fermi-Dirac  statistics  as  a  simulation  tool.  Good 
agreement  was  found  for  the  w  determined  using  X-ray  and  C-V  techniques.  A  summary  of  the 
parameters  obtained  fi:om  these  techniques  is  listed  in  Table  1. 

The  electron  and  hole  photomultiplication  characteristics  (M^  and  M^,  respectively)  as  a 
fimction  of  electric  field  were  obtained  using  the  technique  described  by  Stillnm  and  Wolfe  [2].  A 
442nm  He-Cd  laser  was  focused  to  a  fine  spot  via  a  microscope  lens  onto  the  top  p  *  cladding  layer  of 
the  mesa  diode.  The  short  wavelength  used  results  in  near  total  absorption  of  the  light  in  the 
Al,Gaj_^As  p^  layer  and  minority  carrier  photo-electrons  difiuse  toward  the  high  field  region 
resulting  in  pure  electron  injection.  The  incident  laser  is  modulated  by  an  optical  chopper  and  the 
resulting  photocurrent  is  measured  using  a  phase  sensitive  lock-in  amplifier. 


Table  1.  Summary  of  relevant  parameters  determined  fi’om  X-ray  and  C-V  measurements. 
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For  heterostructures  type  A  with  a  top  Alj(Gaj_^As  cladding  layer,  top  illumination  with  an 
820nni  semiconductor  laser  penetrates  to  the  n^  GaAs  layer  and  gives  nearly  pure  hole  injection  into 
the  high  field  region  from  the  l-pm  n  ^  GaAs  layer.  Although  there  will  be  some  absorption  in  the  500A 
GaAs  intrinsic  region,  resulting  in  mixed  injection,  we  estimate  that  it  represents  only  5%  of  the  total 
absorption  length  (l-|im)  and  most  of  the  carriers  causing  the  primary  photocurrent  will  be  holes.  To 
confirm  this,  via  holes  were  selectively  etched  onto  the  back  of  the  type  A  AlojGaj  jAs/GaAs 
heterostructure  devices  and  pure  hole  injection  was  effected  by  illuminating  the  n'*’  GaAs  layer  with  the 
442nm  laser.  Identical  M;,  characteristics  were  obtained.  M;,  values  for  the  other  two  type  A 
heterostractures  were  therefore  obtained  more  simply  and  reliably  by  top  illuminating  the  devices  with 
the  820nm  laser.  For  type  B  heterostructures,  only  could  be  obtained  by  top  illumination  since  the 
p  ^  absoiption  layer  was  GaAs. 


3.  Results  and  discussion 


To  help  interpret  the  results  obtained  fiom  the  heterostructures,  photomultiplication  measurements  were 
also  undertaken  on  a  series  of  Al^Gaj_^As  homojunction  p-i-ns  with  ‘i’  regions  w=0.1-|jm  and  A1 
content  of  0,  0.30  and  0.60.  was  found  to  be  only  slightly  larger  than  M;,  in  these  structures.  Fig.2 
shows  Me  and  M;,  as  a  fimction  of  electric  field  for  the  Al^Ga  j_^As/GaAs  heterostructures  plotted 
on  a  ln(M-l)  axis. 


3  4  5  6  7  8  9  10  i:  n  3  4  5  6  7  8  9  10  11  12 


Electric  field  /xlO^  Vcm"^  Electric  field  /xlO^  Vcm"^ 


Figure  2,  Mg  (filled  symbols)  and  M ^  (hollow  symbols) 
characteristics  of  the  heterostructures  as  a  fimction  of 
electric  field,  in  comparison  with  M  ^  of  the  homojunctions 
(Solid  lines).  (a)Al~30%,  (b)Al~45%,  and  (c)Al~60% 
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Mg  from  similar  0.1-nm  dimension  Al^Gai_^As  homojunction  p-i-ns  are  also  plotted  for 
comparison.  The  results  from  all  the  type  A  heterostmctures  show  that  at  low  fields,  (in  which 
injected  electrons  pass  from  Al^Gai_,jAs  to  GaAs)  is  similar  to  that  of  the  GaAs  homojunction 
stmcture.  Conversely,  M^,  (in  which  injected  holes  pass  from  GaAs  to  Al^  Gai_^As)  is  sunilar  to  that 
of  the  A1  Ga  As  homojunction  structure.  As  the  electric  field  increases  however,  M  ^  and  M both 
diverge  from  these  homojunction  characteristics  and  converge  towards  those  of  the  equivalent  average 
alloy  for  the  active  region.  This  suggests  that  at  low  electric  fields  the  dead  space  (the  mean  distance 
carriers  need  to  attain  the  ionisation  threshold  energy)  is  very  significant  in  these  thin  structures  and  M  ^ 
and  M are  very  different  as  they  are  primarily  determined  by  the  ionisation  properties  of  the  latter  half 
material  in  the  directions  of  their  transport  in  the  high  field  region.  However  as  the  electric  field 
increases  the  feedback  of  the  opposite  carrier  t)q)e  causes  ionisation  in  the  other  half  of  the  stmcture  as 
well,  eventually  and  M;,  become  similar  near  breakdown,  converging  to  the  values  measured  in 
devices  with  the  equivalent  alloy  composition  in  the  ‘i’-region.  M  ^  obtained  from  the  type  B  stractures 
is  found  similar  to  M;,  obtained  from  the  type  A  stractures  for  all  electric  fields  up  to  breakdown.  The 
characteristic  for  the  type  B  Alo64Gao,36As/GaAs  structure,  shown  in  Fig.2(c),  breaks  down  at  a 
sh^tly  higher  electric  field  than  the  type  A  Alo,6oGao.4oAs/GaAs  structure  due  to  the  higher  average 
A1  composition  in  the  former. 

Any  enhancement  of  electron  ionisation  due  to  the  conduction  band  edge  discontinuity  at  the 
interface  should  manifest  itself  as  an  increase  in  in  the  type  A  heterostmctures.  However  our 
measurements  show  that  M  ^  in  these  type  A  stractures  never  exceed  M  ^  of  homojunction  GaAs  at  any 
electric  field.  This  suggests  that  the  conduction  band  edge  discontinuity  contributes  very  httle  to  the 
ionisation  process.  One  of  the  possible  reasons  is  that  the  higher  phonon  scattering  rate  in  the  first  500A 
AljjGai_,As  layer  compensates  for  the  excess  energy  gained  from  the  conduction  band  edge 
discontinuity  and  consequently  no  advantage  is  obtained.  Conversely  in  the  type  B  heterostmctures,  any 
advantage  in  electrons  gaining  energy  more  rapidly  (relative  to  the  Al^Ga2_;tAs)  in  the  first  SOOA 
GaAs  is  conqjensated  by  the  energy  they  lost  in  surmounting  the  potential  barrier  at  the  interface. 


4.  Conclusions 

No  evidence  shows  that  the  conduction  band  edge  discontinuity  enhances  the  electron  ionisation 
or  multiphcation  process  in  these  heterostractiu'es  because  in  the  type  A  heterostmctures  never 
exceeds  of  homojunction  GaAs  at  any  electric  field.  At  low  electric  fields,  in  these 
heterostmctures  shows  homojunction  like  behaviour  while  at  high  fields  converges  to  that  of  the 
equivalent  alloy  of  the  i-region.  For  the  active  region  thicknesses  and  fields  used  in  these  experiments, 
there  is  no  evidence  to  suggest  that  any  significant  difference  between  the  electron  and  hole  ionisation 
coefficients  can  be  engineered  in  a  periodic  Al^  Ga  As/GaAs  stmcture. 
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Abstract:  The  carbon  doping  of  In,Gai.,As  was  systematically  studied  as  a  function  of  carbon  tetrabromide  flux  and 
indium  molar  fraction.  The  efficiency  of  carbon  incorporation  in  InGaAs  lattice  matched  with  InP  was  the  same  as 
GaAs  and  showed  a  maximum  attainable  doping  level  of  2xl0“cm-^  The  increase  of  indium  molar  fraction  showed 
autocompensation  and  a  switch  of  conductivity  from  p-to-n-type,  at  an  In  molar  fraction  of  80%.  Ino73Gafl27As 
photodetectors  were  fabricatd  using  carbon  as  a  dopant.  The  figures  of  merit  of  the  p-i-n  photodetectors  showed 
parameters  close  to  those  of  beryllium  doped  devices.  CBr4  can  be  used  as  an  effective  p-type  doping  precursor  in  solid- 
source  Molecular  Beam  Epitaxy  in  In,Ga,.,As  with  indium  molar  fraction  up  to  80%. 

1.  Introduction 

Increasingly,  carbon  is  being  used  to  replace  beryllium  and  zinc  as  a  p-type  dopant  in  gallium  arsenide 
(GaAs)  and  indium  gallium  arsenide  (InGaAs)  based  devices  because  of  its  low  diffusivity  at  high 
doping  levels  [1-4].  For  example,  the  use  of  carbon  as  the  p-type  base  dopant  in  AlGaAs/GaAs  and 
lattice-matched  InAlAs/InGaAs  heterojunction  bipolar  transistors  (HBTs)  has  resulted  in  devices  with 
excellent  dc  and  rf  performance  and  improved  reliability  [5].  Despite  potential  reliability  advantages, 
carbon  has  not  been  used  as  a  p-type  dopant  in  In„Ga|_jAs-based  devices  with  x  S  0.53  due  to  its 
amphoteric  nature  and  reduced  incorporation  efficiency  at  high  indium  molar  fractions  [6,7].  Additional 
difficulties  associated  with  the  use  of  carbon  in  InGaAs  arise  from  a  reduction  in  free  carrier 
concentration  due  to  hydrogen  passivation  of  carbon  acceptors  in  metalorganic  molecular  beam  epitaxy 
(MOMBE)  [8],  and  a  growth  rate  reduction  and  compositional  variation  due  to  preferential  removal  of 
indium  atoms  from  the  growth  surface  during  carbon  doping  with  carbon  tetrabromide  (CBr4)  and  carbon 
tetrachloride  (CCI4)  in  chemical  beam  epitaxy  (CBE)  and  MOMBE  [9-13] 

In  this  paper,  we  study  the  incorporation  of  carbon  in  InGaAs  using  a  conventional  solid  source 
molecular  beam  epitaxy  (MBE)  system  with  CBr4  as  a  dopant  source.  The  dependence  of  the  carrier 
concentration  on  CBr4  flux  was  determined,  and  its  effects  on  the  growth  mechanism  and  surface 
morphology  were  observed.  The  doping  efficiency  and  amphoteric  behavior  of  carbon  was  investigated 
as  a  function  of  indium  molar  fraction  in  In,jGa|_,As  for  0.53  <  x  <  1.  To  determine  the  effectiveness 
of  using  CBr4  in  device  applications  with  indium  molar  fraction  exceeding  x  =  0.53,  lattice-mismatched 
Ino73Ga(,27As  photodetectors  grow,  on  an  InP  substrate  using  carbon  and  beryllium  as  a  p-type  dopant 
were  compared. 

2.  Experimental  Procedure 

The  incorporation  of  carbon  in  InGaAs  was  investigated  by  growing  a  series  of  samples  with  5000  A 
In,Ga,.„  As  (0.53  <  x  <  I  )  layers  doped  using  CBr4.  All  of  the  epitaxial  layers  were  grown  in  a  Varian 
GEN  li  MBE  system  on  (100)  InP  substrates  that  were  mounted  using  indium  on  a  molybdenum 
substrate  holder.  The  CBr4  vapor  was  delivered  into  the  MBE  system  through  a  gas  injector  mounted  on 
one  of  the  cell  ports,  as  reported  previously  [14],  The  flux  was  varied  with  a  leak  valve  placed  between 
CBr4 bottle  and  the  gas  injector.  A  run-vent  configuration  was  used  to  reduce  the  transients  in  the  CBr4 
flux.  Because  monitoring  CBr4  flux  with  the  beam  flux  monitor  in  the  MBE  chamber  is  complicated  by 
the  high  background  arsenic  pressure,  the  vent  ion  pump  current  values  were  used  to  set  the  CBr4  flux. 
During  the  growth  of  the  epilayers,  the  substrate  temperature  was  maintained  at  460°C  as  measured  by  an 
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optical  pyrometer.  The  growth  rate  of  the  InGaAs  was  0.8  |a.m/hour,  which  was  calibrated  using 
reflection  high-energy  electron  diffraction  (RHEED)  intensity  oscillations.  To  obtain  the  most  efficient 
carbon  incorporation,  the  minimum  ItlA^  ratio  required  to  maintain  a  (2  x  4)  arsenic-stabilized  structure 
was  used.  The  molar  fraction  of  the  ternary  InGaAs  alloy  was  established  using  RHEED  oscillations  and 
later  confirmed  by  double  crystal  x-ray  diffraction  measurements.  Free  carrier  concentration  and  Hall 
mobility  in  the  epitaxial  layers  were  evaluated  by  Van  der  Pauw  measurements. 

The  effectiveness  of  using  CBr4  as  a  p-type  dopant  in  In  Ga  As-based  devices  with  x  >  0.53 
was  investigated  by  comparing  the  optical  and  electrical  ’performance  of  In^  ^Ga^  27AS  p-i-n 
photodetectors  grown  using  carbon  and  beryllium.  The  structure  for  both  photodetectors  included  an  n* 
-buffer  layer,  a  1  (im  undoped  Ino  ,3Gao27As  active  region,  and  a  150  nm  cap  layer  as  shown  in 
Fig.  1.  The  growth  of  the  buffer  layers  for  aU  samples  was  initiated  by  depositing  300  nm  of  lattice- 
matched  nMn(,52Alo4gAs  followed  by  200  nm  of  lattice-matched  nMn„  53Gao  47As  on  an  InP  substrate  at 
a  substrate  temperature  of  490°  C.  After  the  growth  of  the  lattice  matched  layer,  the  substrate  temperature 
was  reduced  to  400°  C,  and  a  nMinearly  graded  buffer  layer  (LGBL)  was  deposited.  The  indium 
composition  in  the  LGBL  was  increased  from  53%  to  73%  in  a  series  of  50  steps  over  a  thickness  of  1 .0 
|i,m  [15].  The  LGBL  was  then  capped  with  three  sets  of  five-period  10  nm  In,, 73Ga„ 27AS  /  10  nm 
Ing  73AIQ  27AS  superlattices  with  80  nm  Ino,3Gao27As  layers  separating  the  superlattices.  After  the  final 
In(,73Al(,27As  layer  of  the  last  two  superlattices  were  deposited,  the  Ga  and  In  shutters  were  closed  and 
the  substrate  temperature  was  raised  to  510°C  for  20  minute  in-situ  anneals  of  the  graded  buffer  layer 
[16].  Prior  to  the  growth  of  the  p-i-n  active  region,  the  substrate  temperature  was  lowered  to  450°  C. 
The  active  region  of  the  photodetector  consisted  of  a  1.0  |J,m  unintentionally  doped  In,)  73Ga„27As 
absorption  layer,  a  50  nm  p*-  Ino73Ga(,27As  layer,  a  50  nm  pMno73Al(,27As  window  layer,  and  a  50  nm 
p*-  Ing73Gao27As  contact  layer. 

Photodetectors  with  active  areas  ranging  from  50  x  50  [tm^  to  300  x  300  |j,m^  were  fabricated  for 
room  temperature  spectral  response  and  dark  I-V  measurements.  Because  the  samples  were  grown  using 
an  indium  mount,  &e  backside  nMnP  ohmic  contacts  were  formed  with  alloyed  indium.  Mesas  were 
defined  by  photolithography  and  were  etched  to  the  undoped  active  layer  using  a  1:2:40 
H3P04:H202:H20  solution.  Ti/Pt/Au  contacts  were  deposited  on  the  top  of  the  mesa  structure  by 
electron-beam  evaporation  and  lift-off  A  layer  of  polyimide  served  as  an  interlayer  dielectric,  and  Ti/Au 
bonding  pads  were  formed  using  thermal  evaporation  and  lift-off  Devices  were  placed  in  TE9  packages 
for  optici  and  electrical  characterization. 

3.  Experimental  Results 

The  dependence  of  In„53Ga(|47As  carrier  concentration  on  CBr4  flux  in  comparison  with  GaAs  is 
shown  in  Fig.  2.  These  data  demonstrate  that  the  efficiency  of  carbon  incorporation  is  directly 
proportional  to  the  CBr4  flux.  A  maximum  doping  level  of  approximately  2x10™  cm‘^  was  obtained, 
which  was  limited  by  the  conductance  of  the  leak  valve.  This  doping  level  in  Ino53GaQ47As  is 
approximately  two  times  higher  than  previously  reported  for  this  material  grown  by  MBE  [14]. 

To  investigate  the  CBr4  etching  effect  on  surface  morphology  and  ternary  alloy  composition, 
GaAs  and  InAs  was  grown  using  high  CBr4  fluxes  at  substrate  temperatures  of  600°C  and  460°C, 
respectively.  CBr4  affected  the  growth  mechanism  of  both  GaAs  and  InAs  at  doping  levels  higher  than 
6x10’'*  cm  l  The  shape  of  the  RHEED  shown  in  Fig.  3  (a)  is  evidence  of  a  transition  from  a  2-D  to  a 
multi-level  growth  mode.  The  reduced  stripe  length  on  the  RHEED  pattern  is  indicative  of  surface 
roughening  on  the  atomic  scale.  At  the  CBr4flux  corresponding  to  doping  density  of  2x10™  cm a  3% 
reduction  of  growth  rate  was  observed  for  both  GaAs  and  InAs.  When  the  substrate  temperature  was 
reduced  to  520°C,  RHEED  oscillations  due  to  CBr4  etching  of  GaAs  were  observed  as  shown  in  Fig.  3 
(b).  The  fact  that  growth  rate  reduction  was  the  same  for  both  GaAs  and  InAs  suggests  that  there  should 
not  be  a  compositional  change  in  InGaAs  due  to  preferential  removal  of  In  atoms.  The  etching  which  we 
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Fig.  1.  Lattice-mismatched  In„,3Ga„27As  p-i-n  device 
structure  grown  by  MBE  with  carbon  and 
beryllium  as  p-type  dopants. 

observed  was  considerably  less  than  what  was  observed  in  MOMBE  [11-13],  probably  because  solid- 
source  MBE  requires  a  lower  total  flux  of  CBr4  for  given  doping  density. 

The  dependence  of  free  carrier  concentration  in  In^Gai.^^As  layers  as  a  function  of  indium  molar 
fraction  is  shown  in  Fig  4.  The  hole  concentration  was  constant  (p  =  6  x  10'®  cm'®)  for  In  molar 
fractions  from  x  =  0.53  to  0.7  and  then  decreased  dramatically  to  p  =  6  x  10”  cm'®  for  x  =  0.8.  The 
layers  with  x  =  0.9  and  1.0  demonstrate  n-type  conductivity  with  electron  concentration  and  mobility  of 
5x10'®  cm'®  and  2500  cmW-s.  This  dependence  is  qualitatively  similar  to  that  observed  in  CBE  and 
MOMBE[17,18],  where  p-to-n  conversion  was  observed  at  x  =  0.3  and  0.8,  respectively.  The  increase 
of  maximum  indium  molar  fraction  for  p-n  conversion  in  our  case  can  be  attributed  to  the  coherent 
surface  kinetic  process  in  MBE  by  comparison  to  CBE  and  MOMBE.  This  verifies  that  carbon 
introduced  from  CBr4can  be  used  as  an  effective  p-type  dopant  in  MBE  growth  of  In,jGaj_,jAs  with  molar 
fractions  exceeding  x  =  0.7. 

4.  Device  Characterization 

Double  crystal  x-ray  diffraction  was  performed  on  the  as-grown  material  to  verify  the  In  composition  and 
the  lattice  relaxation  of  the  In,,  ^jGaj  27  As  active  layers.  Photodetectors  fabricated  from  these  materials 
had  cutoff  wavelengths  of  approximately  2.25  (ira,  which  is  consistent  with  the  indium  composition 
determined  from  the  x-ray  diffraction  data.  The  maximum  response  that  was  obtained  at  a  wavelength  of 
1.9  pm  was  0.75  AAV,  which  was  limited  by  the  thin  1  pm  absorption  region. 

The  room  temperature  dark  current  as  a  function  of  voltage  is  shown  in  Fig.  5  for  typical  mesa- 
isolated  photodetectors  fabricated  on  samples  that  used  carbon  and  beryllium  as  a  p-type  dopant.  Typical 
room  temperature  dark  current  densities  at  a  1  V  reverse  bias  were  7  mA/cm®  eind  4  mA/cm®  for  the 
carbon  and  beryllium  doped  devices.  Although  the  low-bias  dark  current  of  the  carbon  doped  devices  is 
a  factor  of  two  higher  than  that  of  the  beryllium  doped  devices,  both  values  of  dark  current  are 
comparable  to  commercially  available  photodetectors  of  this  indium  composition  processed  using  a  planar 
process.  Such  small  differences  in  dark  current  are  consistent  with  the  sample-to-sample  variations  we 


Fig.  2.  Hole  Concentration  in  Ino.53Ga„47As  as  a 
function  of  Cbr4  flux. 
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Fig.  3  RFIEED  intensity  oscillation  (a)  during  the  growth  of  InAs  with  and  without  CBr4  flux  (b)  from  a  GaAs  surface 
being  etched  under  CBr,  flux. 

have  seen  using  beiyllium.  At  larger  reverse  biases,  the  dark  current  of  both  samples  is  reduced 
substantially  over  earher  reports  [15]  due  to  the  use  of  an  in-situ  anneal  following  the  growth  of  the 
compositionally  graded  buffer  layer.  It  has  been  demonstrated  previously  that  the  dark  currents  of 
samples  that  contain  an  in-situ  anneal  show  a  large  reduction  in  the  generation  current  at  low  biases  and  a 
delay  in  the  onset  of  tunneling  at  high  biases  [19]. 

Additional  photodetector  figures  of  merit  including  the  shunt  impedance  area  product  (RoA)  and 
the  reverse  breakdown  voltage  were  also  measured.  The  slope  of  the  room  temperature  dark  current- 
voltage  (I-V)  characteristics  for  voltages  between  -5  mV  and  +5  mV  was  used  to  determine  values  of  the 
R(,A  for  these  devices.  Typical  values  of  RoA  on  the  carbon  and  beryllium  samples  were  25  and  28  £2- 
cm^.  Finally,  the  reverse  breakdown  voltage,  which  was  defined  as  the  voltage  corresponding  to  a 
reverse  current  of  1  mA,  of  the  carbon  and  beryllium  photodetectors  were  20  and  21V.  These  results 
demonstrate  that  carbon  can  be  used  as  an  efficient  replacement  for  beryllium  in  In^Ga,., As-based 
devices  with  x  <  0.8. 


6.  Conclusions 

In  this  paper,  we  investigated  the  incorporation  of  carbon  in  InGaAs  using  a  conventional  solid  source 
MBE  with  CBr4  as  a  p-type  dopant.  Lattice-mismatched  In(,73Ga„2,As  photodetectors  grown  using 
carbon  and  beryllium  as  a  p-type  dopant  were  compared  to  determine  die  effectiveness  of  using  CBr4  in 
device  applications  were  x  >  0.53.  We  established  that  free  carrier  concentration  in  InGaAs  is  direcdy 
proportional  to  the  CBr4  flux  over  the  concentration  range  (10'*  -  2  x  10“  cm* )  that  was  studied.  A 
growth  rate  reduction  of  3%  was  measured  by  RHEED  oscillations  on  both  GaAs  and  InAs  at  doping 
level  of  2x10“  cm  *,  which  suggests  that  there  will  not  be  a  compositional  change  in  the  ternary  alloy 
when  doping  with  CBr4.  The  free  carrier  concentration  dependence  on  In  molar  fraction  for  In^Gai.^As 
(x  =  0.53  -  1.0)  grown  on  the  (100)  InP  surface  shows  that  CBr4-derived  carbon  can  be  used  as  an 
effective  acceptor  for  x  <  0.8  in  solid  source  MBE.  Electrically,  the  p-i-n  Ing73GaQ27As  photodetectors 
fabricated  using  carbon  and  beryllium  had  similar  characteristics.  The  typical  room  temperature  dark 
current  density  at  a  1  V  reverse  bias  for  the  carbon  doped  photodetectors  was  7  mA/cm*,  which  is 
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Fig.  4.  Indium  molar  fraction  dependence  of  carbon  carrier  Fig.  5.  Typical  reverse  I-V  characteristics  for  beryllium 
concentration  in  In,Ga,.,As  grown  on  (100)  InP  and  carbon  doped  Ino^jGao  jyAs  p-i-n 

substrates.  photodetectors. 

comparable  to  commercially  available  devices  fabricated  using  a  planar  process.  The  reverse  breakdown 
voltages  and  large  Rj,A  products  of  20V  and  25£2-cm^  also  indicate  that  device  quality  In^Gai.^As  can  be 
grown  using  carbon  as  a  p-type  dopant. 
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Abstract.  The  optical  confinement  factor,  far-field  angle,  and  threshold  current  of  1.3  pm 
AlGalnAs/InP  separate  confinement  heterostructure  (SCH)  laser  with  two-stack  AlInAs-(AlGa)InAs 
multiquantum  barriers  (MQB)  are  theoretically  studied.  The  internal  quantum  efficiency  for  the  laser 
with  MQB  is  decreased  by  13  %  in  contrast  to  24  %  for  the  laser  without  MQB  in  the  temperature 
range  of  298-348  K.  The  characteristic  temperature  can  be  improved  by  10  K.  Experimental  results 
for  the  1 .3  pm  AlGalnAs/InP  laser  with  MQB  are  also  presented  and  compared. 


1.  Introduction 

Multiquantum  barrier  (MQB)  structure  has  shown  great  potential  on  decreasing  the  threshold 
current  and  raising  the  characteristic  temperature  of  quantum  well  lasers[l-3].  The  significant 
improvement  on  the  laser  performance  is  mainly  attributed  to  the  enhanced  barrier  height 
induced  by  the  MQB  which  greatly  reduces  carrier  leakage.  Since  the  mobility  of  electron  is 
higher  than  that  of  hole,  MQB  structure  is  usually  used  at  the  p-type  guiding  layer  as  an  electron 
barrier  for  long  wavelength  laser[4].  However,  any  minor  structural  change  in  the  MQB  may  lead 
to  a  large  variation  in  the  optical  confinement  factor,  far-field  pattern,  and  internal  quantum 
efficiency.  In  order  to  have  an  in-depth  understanding  on  the  effects  of  MQB,  1.3  pm 
AlGalnAs/InP  separate  confinement  heterostructure  (SCH)  lasers  with  AlInAs-(AlGa)InAs 
multi-stack  MQBs  are  theoretically  studied.  The  optical  confinement  factor,  and  vertical  far-field 
angle,  and  the  temperature  dependence  of  threshold  current  are  investigated  and  compared  with 
the  conventional  step-index  SCH  lasers. 

2.  Electron  Reflectivity  of  MQBs 


The  schematic  conduction  band  diagram  of  a  two-stack  Al,,  4gln(,  52As-(AljiGa,.x)o,48lno,52As  MQB 
structure  is  shown  in  Fig.l.  and  is  expressed  as  (12,5)x4+(ll,ll)x4,  where  the  first  and  second 
terms  in  parenthesis  are  the  widths  of  barrier  and  well  in  the  unit  of  monolayer  (ML), 
respectively.  In  this  work,  two  types  of  Al|,48lno52As-(Al,Ga,.Jo.48lno,52As  (x=  0,  0.7)  MQBs  are 
investigated  and  denoted  as  MQBx  and  MQBy,  respectively.  The  two-stack  MQB  is  part  of  the 
p-type  guiding  layer  and  serves  as  an  electron  barrier.  The  total  thickness  of  this  guiding  layer  is 
set  to  be  0.15  pm.  The  electron  reflectivity's  of  the  two-stack  MQBs  and  conventional  step-index 
structures  are  shown  in  Fig.2.  The  classic  barrier  height  U„  in  this  work  is  defined  as  the 
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Fig.2  Electron-wave  reflectivities  of  the  conventional 
step-index,  MQBx,  and  MQBy  structures. 


conduction  band  continuity  AE,  between  (Alo35Gao.65)o.34lno  esAs  and  (Alo.7Gao3)o  4gIno,52As,  which 
is  0.26  eV.  The  effective  barrier  heights  calculated  by  transfer  matrix  method  for  MQBx  and 
MQBy  are  enhanced  to  be  1 .7  U,,  and  2.5  U„,  respectively.  The  detailed  simulated  characteristics 
are  shown  in  ref.  [4-5]. 

3.  Laser  Performance 


The  active  region  of  the  lasers  studied  in  this  work  consists  of  six  5.5-nm  compressively  strained 
(Alo.35Ga*gj)(|,34lno6«As  quantum  wells  and  five  10-nm  (Alo,7Gao,3)o.48lno,52As  barrier  layers.  The 
thickness'  of  the  cladding  and  guiding  layers  are  2  pm  and  0.15  pm,  respectively.  The  calculated 
optical  confinement  factor  T  and  vertical  far-field  angle  for  each  laser  are  listed  in  Table  I.  It  is 
found  that  the  far-field  angle  of  the  laser  with  AlInAs-GalnAs  MQB  is  only  slightly  larger  than 
that  of  the  conventional  laser  and  the  opposite  is  observed  for  the  laser  with  AlInAs-AlGalnAs 
MQB.  Since  lower  average  refractive  index  of  the  guiding  layer  leads  to  a  lower  optical 
confinement  factor  and  a  smaller  far-field  angle,  the  far-field  angle  of  the  laser  with  MQB  can  be 
therefore  tailored  by  varying  the  materials  of  the  MQB  while  maintaining  a  high  electron  barrier. 

The  calculated  internal  quEintum  efficiency  t];  represents  the  ratio  of  spontaneous 
emission  of  the  active  region  to  that  of  the  active  region  and  guiding  layer[4,6].  The  internal 
quantum  efficiency  js  a  function  of  temperature  for  each  laser  is  shown  in  Fig.3.  For  the 
conventional  step-index  laser,  the  internal  quantum  efficiency  is  calculated  to  be  85  %  at  room 
temperature.  The  carrier  density  populated  in  the  barriers  increases  significantly  at  high 
temperatures,  i.e.  varies  approximately  with  T“  in  contrast  to  T‘  for  the  carrier  density  in  the 
quantum  well[7].  It  thus  facilitates  the  recombination  at  the  guiding  layer  and  deteriorates  the 
slope  efficiency  at  high  temperature.  The  internal  quantum  efficiency  is  thus  decreased  by  24  % 
as  the  temperature  increases  form  298  K  to  348  K.  On  the  other  hand,  for  the  lasers  with  MQB 
structure,  the  carrier  density  at  the  p-type  guiding  layer  is  significantly  reduced  as  a  result  of  the 
enhanced  barrier  height  induced  by  MQB.  The  carrier  density  at  the  n-type  guiding  layer 
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Fig.3  Internal  quantum  efficiencies  as  a  function  of 
temperature  for  the  lasers  with  the  conventional 
step-index,  MQBx,  and  MQBy  structures. 


Fig.4  Threshold  current  densities  as  a  function  of 
temperanire  for  the  lasers  with  the  conventional 
step-index,  MQBx,  and  MQBy  structures.  The  filled 
squares  and  triangles  are  the  experimental  results. 


therefore  dominates  the  internal  quantum  efficiency.  It  is  found  that  the  lasers  with  MQB 
structures  exhibit  the  same  internal  quantum  efficiencies  (~92  %)  at  room  temperature. 
Compared  with  the  laser  with  MQBy,  a  higher  internal  quantum  efficiency  for  the  laser  with 
MQBx  is  obtained  at  high  temperatures,  since  the  larger  optical  confinement  factor  reduces 
threshold  carrier  density  per  well  and  consequently  the  carrier  leakage.  In  the  temperature  range 
of  298-348  K,  the  internal  quantum  efficiencies  for  the  lasers  with  MQBx  and  MQBy  are 
decreased  by  13  %  and  14  %,  respectively.  Obviously,  the  internal  quantum  efficiency  and  its 
temperature  dependence  of  the  lasers  with  MQB  structures  are  significantly  improved. 

The  threshold  gain  G*  used  in  this  calculation  is  assumed  to  be  48  cm''  at  room 
temperature,  for  a  laser  with  a  cavity  length  and  width  of  300  pm  and  50  pm,  respectively,  and 
uncoated  mirror  facets.  Its  temperature  dependence  is  also  assumed  to  be  0.045  cm'‘/T  [7].  Based 
on  the  previous  results  [8],  the  transparency  current  density  4  room  temperature  and  its 
characteristic  temperature  are  120  A/cm^  and  105  K,  respectively.  The  threshold  current  density 
Ju,  for  MQW  lasers  can  thus  be  expressed  as  Ja,=(M  JJ/Tii  exp(G,i,/rG„),  where  M  is  the  number 
of  quantum  well  in  the  active  region  and  G„  is  the  gain  parameter  (1200  cm'‘).[9]  The  threshold 
current  density  of  each  laser  structure  is  shown  in  Fig.4.  The  threshold  current  densities  of  the 


Table  1  Optical  confinement  fiictor  and  vertical  far-  field 
angle  for  the  lasers  with  the  conventional  step-index, 
MQBx,  and  MQBy  structures. 


confinement  factor  far-field  angle 

conventional  SCH 

5.8  % 

38.2” 

MQBx 

5.95  % 

40.r 

MQBy 

5.68  % 

37.1* 

Table  2  Experimental  characteristic  temperatures  for 
the  lasers  with  the  conventional  step-index,  MQBy 
structures. 


Characteristic  Temperature 

Laser  structure 

30-50  ”C 

30-70  ”C 

with  MQBy 

68  K 

60K 

without  MQB 

60K 

56  K 
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lasers  with  MQB  structures  are  calculated  to  be  about  1.64-1.7  kA/cm^  and  are  slightly  improved 
as  compared  to  1.84  kA/cm^  of  the  conventional  step-index  SCH  laser  at  303  K.  Although  the 
resultant  effective  barrier  height  for  the  laser  with  MQBx  is  1 .47  times  that  for  the  laser  with 
MQBy,  it  is  found  that  the  characteristic  temperatures  for  both  lasers  with  MQB  structures  are 
about  the  same  values  of  64  K.  However,  the  characteristic  temperature  of  the  laser  without 
MQB  is  only  55  K.  This  indicates  that,  by  using  the  MQB  at  the  p-type  guiding  layer, 
improvements  on  the  threshold  current  and  characteristic  temperature  can  be  expected.  In 
addition  to  the  theoretical  calculations,  two  types  of  1 .3  pm  AlGalnAs/InP  laser  structures  grown 
by  molecular  beam  epitaxy  are  experimentally  studied;  (a)  MQBy  and  (b)  conventional 
step-index  SCH.  These  devices  are  50  pm-wide  broad  area  ridge  lasers  with  300  pm  cavity 
length  and  uncoated  facets.  The  threshold  current  densities  of  these  lasers  at  303  K  are  1.78 
kA/cm^  and  1 .86  kA/cm^,  respectively.  These  values  are  comparable  to  the  calculated  results.  The 
characteristic  temperatures  for  these  lasers  are  listed  in  Table  II.  It  is  found  that  the  improvement 
on  the  characteristic  temperature  is  not  as  significant  as  expected.  This  phenomenon  might  be 
attributed  to  the  noticeable  change  on  the  electron  reflectivity  of  the  MQB  under  high  bias 
condition[10].  The  increased  leakage  current  due  to  the  reduced  barrier  height  of  the  MQB  thus 
enhances  the  temperature  sensitivity  of  the  laser.  Using  more  stacks  of  MQBs  at  the  p-type 
guiding  layer  to  enhance  barrier  height  is  an  effective  approach.  On  the  other  hand,  MQBs  for 
holes  may  be  as  important  since  hole  injection  into  the  n-type  guiding  layer  becomes  significant 
at  high  temperatures  as  suggested  by  reeent  report  [11]. 

4.  Conclusions 


We  have  theoretically  studied  the  effects  of  two-stack  MQB  on  the  properties  of  1.3  pm 
AlGalnAs/InP  SCH  quantum  well  lasers.  It  is  found  that  lower  threshold  current  and  smaller 
far-field  angle  can  be  achieved  simultaneously  by  using  proper  MQB  structure.  The  characteristic 
temperature  can  also  be  improved  by  as  much  as  10  K.  Experimental  results  for  the  1.3  pm 
AlGalnAs  lasers  show  good  agreement  for  threshold  current  density.  In  order  to  improve  the 
characteristic  temperature,  more  stacks  of  MQBs  for  holes  and  electrons  are  necessary. 
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Characteristics  of  native-oxide  confined  InGaP/(AlxGai.x)o.5lno.5P 
quantum  well  visible  laser  diodes 


Decai  Sun  and  D.  W.  Treat 

Xerox  Palo  Alto  Research  Center,  3333  Coyote  Hill  Rd.  Palo  Alto,  CA  94304,  USA 

Abstract.  We  report  670  mn  native-oxide  confined  GalnP-CAljGai.dosIno.sP  quantum  well  visible 
laser  diodes.  The  devices  are  fabricated  from  a  compressively  strained  GaInP/(Al5Gai.x)o,5lno.5P  QW 
double  heterostructure  laser  structure.  A  real  refractive  index-guided  waveguide  is  formed  by 
converting  part  of  the  p-Alo  sItio  sP  cladding  layer  above  the  QW  active  region  into  an  AlO,  oxide. 

Laser  diodes  of  4  pm  wide  ridge  waveguide  operate  with  threshold  currents  below  15  mA  and 
differential  quantum  efficiencies  over  60%. 

1.  Introduction 

Red  laser  diodes  are  being  widely  used  in  applications  such  as  laser  printing,  bar  code  scanning  and 
optical  data  storage.  In  applications  which  need  a  stable  single  transverse  mode  beam  at  a  power  level 
over  tens  of  milliwatts,  a  buried  ridge  waveguide  structure  has  been  commonly  used[l].  In  this  type  of 
diode,  n-GaAs  is  selectively  grown  over  a  bare  ridge  to  form  a  buried  waveguide  structure  which  can 
suppress  high-order  mode  oscillation  through  optical  absorption  in  the  n-GaAs  region.  Although  high 
power  red  lasers  with  good  beam  quality  have  been  realized  from  these  diodes,  the  drawback  of  this 
approach  is  the  requirement  of  one  or  more  regrowth  steps,  complicating  the  fabrication.  Additionally, 
these  diodes  have  relatively  high  loss  and  low  quantum  efficiency.  It  is  very  desirable  to  fabricate 
single  transverse  mode  visible  laser  diodes  with  a  simpler  process. 

Recently  there  has  been  strong  interest  in  using  native  oxides  converted  from  Al-based  IQ-V  alloys 
to  form  optical  waveguides  and  current  confinement  apertures  in  the  fabrication  of  both  edge 
emitting  and  vertical  cavity  surface  emitting  laser  diodes[2,  3].  Oxidation  of  (AljGaj.xlo.shto.sP  alloys 
in  visible  laser  structures  has  been  reported  in  fabrication  of  single  and  coupled  stripe  array  devices, 
where  the  native  oxides  were  used  for  forming  device  isolation  and  non-absorbing  windows  [4,  5]. 
These  devices  demonstrated  high  output  powers,  but  also  high  threshold  currents  due  to  wide  active 
region  and  weak  optical  confinement.  Low  threshold,  single  transverse  mode  visible  lasers  have  not 
been  reported  using  the  oxidation  technique.  In  this  letter,  we  report  high  performance  native-oxide 
confined  narrow  waveguide  laser  diodes  for  single  transverse  mode  operation.  The  diodes  were 
fabricated  by  oxidizing  Alo  shiosP  to  form  a  native  oxide  for  optical  and  electrical  confinement.  Low 
threshold  and  high  efficiency  diodes  have  been  achieved. 

2.  Device  fabrication 

Native  oxide  confined  visible  laser  diodes  were  fabricated  from  a  compressively  strained 
Gao.4lno.6P/(AlxGai.x)o,5lno.5P  quantum  well  (QW)  separate  confinement  heterostructure,  which  was 
grown  by  low  pressure  organometallic  vapor  phase  epitaxy  (OMVPE)  on  a  n'^  GaAs  substrate.  The 
active  region  consisted  of  an  80  A  wide  Gao,4lno_6P  QW  layer,  confined  by  a  pair  of  1200  A  thick 
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(A]o,6Gao.4)o.5lno.5P  confinement  layers.  The  active  region  was  sandwiched  between  a  pair  of  p-  and  n- 
Alo.sIno.sP  1  |J.m  thick  cladding  layers.  A  p^-  Gao.5Ino.5P  500  A  thick  btmier  reduction  layer  was  grown 
on  top  of  the  p-Alo.5Ino.5P  cladding  layer  followed  by  an  1000  A  GaAs  p'*'-GaAs  cap  layer. 


P*-GaAs 


n-AlInP 


n-GaAs  Sub 


(AlGalo.sIuo.sP 


InGaP  QW 


Fig.  1  Cross  section  view  of  the  oxide  confined  red  laser 


After  growth,  a  layer  of  800  A  SiN,  was  deposited  on  the  crystal  surface.  The  SiN,  layer  was  then 
patterned  into  4  (im  wide  stripes.  These  stripes  were  used  as  an  etching  mask  for  wet-chemical  etching 
to  define  the  ridge  waveguide  by  etching  away  the  GaAs  cap  layer,  the  GalnP  barrier  reduction  layer 
and  the  upper  0.65  (im  thick  p-Al0.sIno.5P  cladding  layer.  After  etching,  the  wafer  was  loaded  into  an 
open  tube  furnace,  which  was  saturated  with  H2O  vapor  by  an  N2  carrier  gas  bubbling  through  95  °C 
deionized  water.  It  was  oxidized  at  530  °C  for  four  hours.  After  oxidation,  the  cross  section  of  the 
waveguides  was  examined  in  a  scanning  electron  microscope.  A  layer  of  0.3  |im  thick  native  oxide 
surrounded  the  p-Alo.5Ino.5P  ridge  and  above  the  active  region  as  shown  in  the  cross  section  view  of 
the  device.  The  oxide  surface  looked  very  smooth  under  an  optical  microscope.  Following  the 
oxidation,  SiN*  stripes  were  removed  in  a  plasma  etcher.  125  p,m  wide  Ti(200  A)/Au  (3500  A)  metal 
stripes  were  directly  deposited  on  top  of  the  waveguides  using  the  hft-off  technique,  and  AuGe  metal 
was  deposited  on  the  back  of  the  substrate  after  thinning. 


3.  Results  and  discussion 


The  diodes  were  bonded  p-side  up  on  heat  sinks  for  test  under  pulsed  and  CW  operations.  The  hght 
output  (H)  characteristic  of  a  500  nm  long  diode  under  CW  operation  is  shown  in  Fig.  2.  The  diode 
had  a  threshold  current  of  14.6  mA  and  a  differential  quantum  efficiency  of  35%/facet.  Compared 
with  the  buried  ridge  diodes  fabricated  from  the  same  structure,  the  oxide  confined  waveguide  lasers 
showed  a  reduction  of  the  threshold  current  density  by  a  factor  of  almost  2,  and  over  50%  increase  in 
the  external  differential  quantum  efficiency.  The  improvement  in  the  threshold  and  quantum 
efficiency  is  very  beneficial  in  reducing  thermal  heating  during  CW  operation.  The  maximum  power 
was  32  mW/facet,  Umited  by  catastrophic  optical  damage.  Higher  power  could  be  achieved  if  the 
diode  facets  are  coated. 

Under  pulsed  operation  (0.1%  duty  cycle  and  0.1  ps  pulse  width),  the  maximum  power  from 
another  diode  reached  92  mW/facet  before  failure  as  shown  in  Fig.  2.  A  preliminary  bum-in  test  of 
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the  diodes  at  10  mW/facet  in  CW  operation  showed  that  the  devices  were  stable,  with  no  evidence  of 
short-term  degradation. 


Figure  2  L-I  curve  of  the  oxide  confined  visible  laser 


The  emission  spectrum  of  the  laser  diode,  measured  by  an  1.5  meter  high  resolution  specttometer 
at  the  driving  current  of  20  mA,  is  shown  in  Fig.  3.  Tbe  spectrum  is  na^ow,  wi*  “  few 
longitudinal  modes  dominating,  indicating  that  the  cavity  is  strongly  mdex-guided.  We  “1^"  ^ 
effective  index  step  in  the  lateral  direction  of  the  waveguide.  The  results  show  that  the  index  step  is  as 
high  as  3  xlO-'  when  the  oxide  is  right  above  the  confinement  region  assuming  *at  the  refracUve 
index  of  the  native  oxide  is  1.6.  It  is  noticed  that  the  spectral  peak  shifted  from  6722  A  to  6728  A  as 
the  current  was  increased  from  15  to  30  mA.  Hie  small  wavelength  shift  indicated  that  *e  themal 
heating  in  the  active  region  was  very  small  due  to  low  threshold  and  high  efficiency,  although  th 
diode  was  mounted  p-side  up. 


Figure  3  Emission  spectrum  of  the  oxide  confined  laser  at  20  mA 
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The  far-field  pattern  of  the  diode  was  measured  under  CW  operation  at  different  power  levels.  The 
far-field  patterns  parallel  to  the  junction  plane  are  shown  in  Fig.  4.  The  laser  operated  in  a  single 


Figure  4  The  far  fleld  patterns  of  the  oxide  confined  laser  parallel  to  the  junction  plane 

transverse  mode^  The  fiill  widths  at  half-maximum  (FWHM)  of  the  far  field  parallel  and  perpendicular 
to  the  junction  plane  were  6  ”  and  42  respectively.  The  characteristic  temperature  Tq  of  the  laser 
diodes  was  measured  under  the  pulsed  mode  in  the  range  10  to  100  “C.  The  To  was  caleulated  to  be 
150  K  for  the  temperature  range  from  10  to  45  ®C,  and  1 10  K  from  50  to  100  “C. 

4.  Summary 

Native  oxide  confined  ridge  waveguide  visible  laser  diodes  have  been  fabricated  from  an 
Ino.6Gao.4P/(AlxGai.x)o.5lno,5P  single  quantum  well  laser  structure,  by  oxidizing  the  upper  p-Alo.sfrio.sP 
cladding  layer.  The  laser  diode  showed  excellent  performance,  with  very  low  threshold  currents  of  15 
mA  and  differential  quantum  efficiencies  over  35%/facet  under  CW  operation  in  single  transverse 
mode. 

The  authors  wish  to  thank  P.  Floyd  and  R.  Thornton  for  helpful  discussions.  This  work  was 
supported  in  part  by  the  Department  of  Commerce  Advanced  Technology  program  under  Grant  No 
70NAN82H1241. 
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Abstract:  The  first  solid-source  molecular  beam  epitaxial  growth  of  Ino  ssGao  wAs  photodetector  structure  on 
top  of  an  AlGaAs/GaAs  waveguide  for  monolithic  1 .55  jjm  receiver  applications  has  been  demonstrated  using 
a  single,  thin  InP  buffer  layer  to  suppress  dislocations.  Mesa-type  detector  arrays  were  made  by  chemically 
assisted’ ion  beam  etching.  Utilizing  a  novel  dense  array  fabrication  technique,  we  demonstrated  the 
integration  of  InGaAs  optoelectronic  devices  with  AlGaAs/GaAs  waveguide  films  grown  on  a  GaAs 
substrate.  These  heterostrucmre  photodiode  arrays,  which  can  be  readily  integrated  with  GaAs  optoelectronic 
and  electronic  components,  also  show  high  photoresposivity  (0.7A/W  without  any  antireflection  coating),  and 
exhibit  a  bandwidth  in  excess  of  7  GHz. 


The  monolithic  integration  of  photodetectors  with  both  passive  and  active  optical 
waveguide  components  and  electronic  circuits  has  numerous  applications  in  long  distance  fiber-optic 
communication  systems  and  local  area  networks  [1].  Presently,  GaAs  is  the  most  well  developed 
compound  semiconductor  material  for  electronic  devices  and  is  one  of  the  preferred  subsfrate  matenals 
for  opto-electronic  integrated  circuits  (OEIC)  even  at  1.55  pm.  Although  the  epitaxial  growth  of 
InGaAs  based  opto-electronic  devices  on  InP  is  well  developed,  the  electronic  part  of  the  technology  on 
InP  substrates  is  not  as  advanced  as  that  of  GaAs.  Therefore,  it  is  highly  desirable  to  develop 
techniques  for  monolithic  integration  of  InGaAs  photodiode  devices  operating  in  the  I.O  -  F™ 
wavelength  range  with  AlGaAs/GaAs  waveguides  and  electronic  circuits  on  GaAs  substrates.  The 
technique  we  report  here  to  produce  an  array  of  Ino.ssGaq.ArAs  mesa-type  photodiodes  on  an 
AlGaAs/GaAs  waveguide,  grown  by  solid  source  molecular  beam  epitaxy  (MBE)  and  etched  by 
ultrahigh  vacuum  chemically  assisted  ion  beam  etching  (CAIBE)  [2],  will  permit  the  fabrication  of 
monolithic  OEIC  receiver  modules.  These  diodes  exhibit  low  dark  current,  low  capacitance,  high 
photoresponsivity,  and  a  bandwidth  greater  than  7  GHz. 

To  epitaxially  grow  InGaAs  layers  on  GaAs,  thick  or  multistage  InP  buffer  layers  grown  by 
metal-organic  chemical  vapor  deposition  (MOCVD)  [3,4]  have  been  reported  to  avoid  dislocation 
propagation  due  to  the  large  lattice  mismatch  (-3.8%)  between  InP  and  GaAs.  The  thick  (over  9  pm) 
buffer  layer  used  by  Kimura  et  al.  [3]  is  not  well  suited  for  monolithic  integration  due  to  processing 
difficulties.  We  show  that  a  thin  InP  layer  (1.7  pm)  grown  by  conventional  solid-source  MBE  serves  as 
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hetero-  and  homo-  structure  Ino.53Gao.47As  p-i-n  photodiode  layers  to  be  overgrown.  In  the  current 
work,  the  substrate  temperature  of  the  Ino.53Gao.47As/InP  during  growth  was  approximately  480  C,  and 
the  growth  rates  were  approximately  1  monolayer/s.  Two  independent,  valved  effusion  cells  were  used 
to  supply  As2  (Tcracker  =  900  °C)  and  P2  (Tcracker  =  1000  C)  from  elemental  arsenic  and  white 
phosphorus  sources,  respectively.  The  heterostracture  p-i-n  photodiodes  were  etched  by  CAIBE 
(Tsub.5trate  =  260  °C,  3  sccm  CI2  and  500  eV  Ar*  ion  beam),  as  shown  in  Fig.  1.  For  comparison, 
photodiodes  were  also  etched  with  selective  wet-chemistry  [5]  (1  H2SO4  :1  H2O2:10  H2O  for 
Ino.53Gao.47 As  and  1  HC1:1  H2O  for  InP).  In  earlier  work,  reaetive  ion  etching  (RIE)  at  high  self  bias 
voltage  (up  to  1  kV)  was  used  to  achieve  high  anisotropy  [6].  This  RIE  process  causes  extensive 
damage  and  re-deposition  on  the  sidewalls  leading  to  unacceptably  high  leakage  currents  and  requires 
special  sidewall  surface  treatments  after  etching.  In  the  present  work,  the  CAIBE  process  with  a  lower 
ion  energy  (500  eV  Ar  )  beam  plus  chlorine  gas  was  utilized  to  reduce  the  surface  damage, 
immediately  followed  by  a  short  in-situ  chlorine  gas  etch  to  remove  the  damaged  layer.  The  additional 
etch  depth  after  using  a  chlorine  gas  flow  for  20  seconds  at  260  C  was  estimated  to  be  about  0. 1  pm 
[7].  A  Ti(300A)/Pt(2000A)  metallization  was  used  as  the  etehing  mask.  The  Ti  overlayer  has  a  lower 
ion  beam  etch  rate  than  Pt  (53%  rate  ratio  Ti/Pt,  data  from  Commonwealth  Scientific  Corporation),  so 
it  protects  the  underlying  Pt  p-metal  contact  from  being  sputtered  away  during  the  etch.  The 
Ino.53G^.47As  etch  rate  was  0.74  pm/min  and  the  ion  beam  current  density  was  estimated  to  be  0.6 
mA/cm  from  the  Faraday  cup  measurement.  The  n-metal,  Au/Ni/Ge/Au/Ge/Ni,  contaet  was 
accomplished  by  a  lift-off  process.  After  contact  fabrication,  the  PIN  detector  array  was  encapsulated 
using  PI2711,  which  is  a  negative  acting  photo-sensitive  polyimide,  cured  in  a  350  C  furnace  for  40 
minutes  [8].  The  final  metal,  Au/Ti  (3000/300A),  was  deposited  to  form  a  50  D  coplanar  waveguide 
contact  array  as  shown  in  Fig.  2.  The  150  pm  pitch  ground-signal-ground  (GSG)  Cascade- Allessi 


Fig.  1 :  Schematic  cross  sections  of  InP/Ino.53Gao,47As/InP  Fig.  2:  The  etched  mesa  photodiode  array  planarized 

double  heterostructure  grown  on  a  five  layer  AlGaAs/  by  polyimide  for  high  speed  testing. 

GaAs  waveguide,  including  scanning  electron  microscope 
(SEM)  picture  for  2.6  pm  CAIBE  etched  mesa-type 
photodiode. 

Fig.  3  shows  the  dark  current  versus  applied  voltage  for  heterostructure  devices  processed 
by  CAIBE  and  by  wet  etching,  measured  by  a  Hewlett-Packard  (HP)  4145B  semiconductor  parameter 
analyzer  after  encapsulation.  The  dark  currents  achieved  at  room  temperature  were  37  nA  and  25  nA, 
respectively,  for  CAIBE  and  wet  etch  diodes  at  a  -5V  bias,  on  a  30  pm  diameter  mesa.  This  shows  that 
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analyzer  after  encapsulation.  The  dark  currents  achieved  at  room  temperature  were  37  nA  and  25  nA, 
respectively,  for  CAIBE  and  wet  etch  diodes  at  a  -5V  bias,  on  a  30  pm  diameter  mesa.  This  shows  that 
dry-etched  diodes  have  only  a  small  residual  process-induced  damage.  Our  dry-etched  diode  result  is 
better  than  that  reported  by  Seto  et  al.  [6],  in  which  the  dark  current  of  reactive-ion  etched  equivalent 
photodiode  was  -100  nA.  It  should  be  added  that  unlike  lattice-mismatched  diodes  m  the  present  work, 
those  in  ref  6  were  grown  lattice-matched  to  the  InP  substrate  and  a  wet-etching  step  was  used 
subsequent  to  the  RIE  mesa  etch  to  remove  the  etch-induced  damage.  For  wet-etched  mesa,  the  dark 
current  of  an  InGaAs  photodiode  grown  on  a  GaAs  substrate  with  a  fairly  thick  InP  buffer  layer  [4]  is 
typically  two  orders  of  magnitude  larger  than  that  on  InP  [8].  The  dark  current  obtained  in  the  present 
work  (both  wet-  and  dry-etched  diodes)  is  consistent  with  this  report.  Our  dark  current  data  from  thin 
buffer  (1.7  pm)  detectors  are  comparable  to  that  of  thicker  buffer  (4  pm)  devices  on  GaAs  substrates 
[4]  and  also  suitable  for  high  bit  rate  applications.  The  thin  buffer  layer  is  especially  beneficial  for  the 
subsequent  processing  with  improved  prospects  for  integration  with  devices  and  cireuits  in  the 
underlying  GaAs  based  material.  The  dark  current  vs.  diode  area  exhibits  a  linear  curve,  which 
indicates  that  lattice-mismatch-induced  dislocation  traps,  generation-recombination,  and  minonty 
carrier  diffusion  are  the  dominant  sources  of  dark  current,  not  surface  leakage.  The  photoresponsivity 
and  quantum  efficiency  performance  of  our  p-i-n  detectors  were  0.7  AAV  and  56%  respectively  at  1.55 


Fig.  3 :  The  dark  cuirent  versus  reverse  bias  voltage  Fig.  4:  The  frequency  response  of  a  30  pm  diameter  diode 
of  an  InGaAs  photodiode.  with  a  1.8  pm  thick  i-region, 

Device  capacitance  values  were  obtained  from  the  Sn  parameter,  measured  by  a  calibrated 
HP8510C  network  analyzer  from  50  MHz  to  10  GHz.  A  capacitance  of  0.1  pF,  for  a  30  pm  diameter 
InGaAs  photodiode,  was  measured  at  2  GHz.  The  pad  capacitance  was  0.19  pF  with  plananze 
polyimide  The  slope  of  the  voltage  vs.  (capacitance  per  unit  ^^ea)  ^curve  shows  that  the  absorbing 
Ino.53Gao,47As  layer  is  un-intentionally  doped  n-type  at  -1.5x10  cm  .  The  frequency  response  of  30 
pm  diameter  diodes  was  measured  using  an  8  GHz  externally  modulated  single  mode  distnbuted 
feedback  (DFB)  1.55  pm  laser  diode.  A  3dB  bandwidth  of  over  7  GHz  was  measured  as  shown  in  Fig. 
4.,  which  was  limited  by  the  intrinsic  transit  time  of  the  PIN  structure  and  not  by  the  RC  time  constant 
of  photodiodes  and  the  equivalent  circuit. 

In  conclusion,  we  have  fabricated  and  characterized  an  Ino.53Gao.47As/InP  PIN  photodiode 
array  on  an  AlGaAs/GaAs  waveguide  grown  by  solid-source  MBE.  The  dark  currents  obse^ed  for 
CAIBE  and  wet  etched  devices  are  comparable,  indicating  small  residual  dry-etched  induced  damage. 
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and  adequate  for  high  bit  rate  applications.  A  novel  process  for  air  bridges  has  also  been  applied  to 
detector  arrays  for  ultrahigh  speed  testing.  These  photodiode  arrays,  which  are  readily  integratable  with 
GaAs  optoelectronic  and  electronic  components,  also  show  high  quantum  efficiency,  and  a  bandwidth 
in  excess  of  7  GHz. 
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Abstract:  Calibrated  electroluminescence  spectra  of  GaAs/InGaAs  and  AlGaAs/GaAs  single  and  double 
quantum  well  (QW)  p-i-n  devices,  at  various  temperatures  (200-300K)  and  applied  biases  (Vapp  =  0.8- 
1.5V),  have  been  compared  to  theory  to  extract  the  quasi-Fermi  level  separation,  Atty,  in  the  QWs  and 
where  possible  in  the  host  material.  Emission  from  the  host  material  for  the  GaAs/InGaAs  cell  is  well 
fitted  with  A(j)f  =  V,pp  at  all  biases  and  temperatures.  In  contrast,  emission  from  the  QW  in  both 
GaAs/InGaAs  and  AlGaAs/GaAs  cases  requires  a  value  of  Atjif  which  is  a  few  tens  of  meV  less  than  Vapp. 
We  attribute  the  variations  in  Atjit  to  irreversible  thermally  assisted  escape  from  the  QWs  and  detail  some 
preliminary  results  from  double  QW  samples. 


1.  Introduction 

Many  semiconductor  applications,  such  as  modulators,  lasers  [1]  and  quantum  well  solar  cells  [2]  use 
quantum  wells  (QWs)  within  a  p-i-n  structure.  To  understand  the  radiative  current,  it  is  important  to 
know  how  the  electron  and  hole  quasi  Fermi  level  separation,  A(|)p  varies  and  how  it  depends  on  the 
applied  bias,  Vapp.  This  current,  an  unavoidable  loss  even  in  perfect  material,  is  of  fundamental 
importance  for  QW  lasers  [3]  and  for  the  limiting  efficiency  of  QW  solar  cells  [4].  We  have  recently 
proposed  a  method  of  extracting  the  value  of  A(|)f  from  calibrated  QW  emission  spectra  [5]  and  we 
apply  it  to  room  temperature  electroluminescence  (EL)  spectra  from  single  QWs  and,  for  the  first  time, 
to  double  QW  p-i-n  devices. 


2.  Experiment  and  Theory 

The  samples  were  a  GaAs/InGaAs  single  QW  grown  by  MOVPE  (sample  1)  and  three  samples  in  a  set 
of  AlGaAs/GaAs  single  and  double  QW  samples  grown  by  MBE  (samples  2,  2p  and  2n).  All  the 
samples  were  p-i-n  photodiodes,  made  into  1mm  diameter  cylindrical  mesa  structures,  with  a  545  |im 
diameter  optical  window.  Sample  1  had  a  0.5  |Lm  p  layer,  0.24  |im  i  region  containing  a  single  107A 
Ino.i6Gao.84As  quantum  well  in  the  centre  and  a  2  pm  n  region,  with  a  430  A  fi-ont  Alo.8Gao.2As  window 
layer  to  reduce  surface  recombination.  The  Alo.34Gao.66As  samples  had  a  0.15  pm  p  layer,  0.31  pm  i 
region  and  a  0.46  pm  n  region,  plus  a  short  period  superlattice  between  the  n  and  i  regions  to  clean  up 
the  first  QW  interface.  Sample  2  contained  a  single  140A  GaAs  quantum  well  in  the  centre  of  the  i 
region,  whilst  samples  2p  and  2n  had  in  addition  a  second,  20A,  QW  placed  either  nearer  the  p  region 
(2p)  or  nearer  the  n  region  (2n),  separated  from  the  wide  well  by  40A.  All  the  QWs  were  characterized 
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by  low  temperature  photocurrent  measurements  [6,7].  The  front  surface  was  either  coated  with  a  single 
layer  of  SiN  AR  coating  (sample  1)  or  had  a  thin  170A  layer  of  GaAs  (samples  2,  2p  and  2n). 
Background  dopings  in  all  samples  were  estimated  to  be  around  lO'^  cm‘^. 

The  samples  were  mounted  in  a  closed  cycle  cryostat  and  their  emission  calibrated  following  the 
method  of  ref.  [5].  Carriers  were  excited  only  in  the  QW  using  either  a  Ti-Sapphire  cw  laser  at  880nm, 
0.9mW  (sample  1)  or  a  ImW  solid  state  cw  diode  laser  operating  at  782nm  (AlGaAs  samples),  which  in 
the  case  of  the  double  QWs  excites  carriers  only  in  the  wider  140A  QW.  For  each  sample, 
photoluminescence  (PL)  was  measured  at  low  temperatures  (15-20K),  where  we  had  previously 
determined  non-radiative  processes  to  be  small  (<20%).  All  emissions  were  measured  by  a  cooled  CCD 
camera  attached  to  a  30cm  monochromator.  Equating  the  maximum  integrated  PL  at  forward  bias  to 
the  generation  rate  (equivalent  to  the  reverse  bias  saturation  photocurrent  (PC)),  all  further 
luminescence  from  each  sample  was  then  expressed  in  absolute  units.  Electroluminescence  (EL)  spectra 
were  measured  from  each  sample  over  the  temperature  range  200-300K  Due  to  the  sensitivity  of  the 
CCD,  several  decades  of  intensity  could  be  measured  before  encountering  the  series  resistance  limit. 

The  theory  will  be  described  in  detail  elsewhere  [8]  but  a  brief  summary  may  assist  the  reader. 
The  EL  spectra  are  calculated  using  the  generalized  Planck  equation  [9]  assuming  detailed  balance  and 
using  a  calculated  absorption  spectra  for  the  QW  [10].  The  radiative  current  (Lad)  is  calculated  by 
integrating  the  emission  over  the  surface  of  the  device,  exploiting  azimuthal  symmetry  and  following  the 
detailed  balance  method  of  [  1 1] : 

Jrai  =  g ^ vkT-x  |  ^ £ ,6 , 5) 0050 (27t  ^mMQ)dsdE 

Here  h,  c,  k,  T  and  q  have  their  usual  meanings  and  Oc  is  the  critical  angle  for  internal  reflection  from 
the  relevant  (front  or  rear)  surface  S.  a(E,0,s)  represents  the  probability  of  photon  emission  for  photon 
energies  E  greater  than  the  bandgap,  which  is  equal,  in  the  detailed  balance  scheme,  to  the  absorptivity. 
Published  values  are  used  for  the  refractive  index  (n)  and  GaAs  absorption  coefficient  [12,13],  allowing 
Jrad  to  be  calculated  as  a  function  of  temperature  and  A(j)p 


3.  Results  and  Discussion 

Figure  1  shows  an  experimental  spectrum  from  sample  1  at  300K,  compared  to  theory  for  A(|)f  =  Vapp 
and  A(j)f  =  Vapp  -  0.023eV.  Note  the  QW  emission  is  overestimated  if  Acj),  =  Vapp  and  is  fitted  only 


Figure  1:  Experimental  data  for  sample  1  at  300K,  1 .00 V  compared  to  theory. 
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Figure  2:  Experimental  data  from  samples  2  and  2p  at  1.12V,  300K  showing  emission  from  the  second,  narrow  quantum 

well  at  energies  ~1 .65eV. 

with  the  reduced  value  of  Atjif.  However,  the  emission  from  the  host  material,  emitted  from  one 
absorption  length  from  the  surface  of  the  device  (i.e.  in  the  p  region),  requires  =  Vapp. 

Figure  2  shows  typical  spectra  from  samples  2  and  2p  showing  the  emission  from  the  second, 
smaller  well  at  1.65  eV.  Modelling  the  wide  QW  in  all  the  AlGaAs  samples  requires  a  reduced  Atjt^  as  is 
seen  in  sample  1.  (No  signal  is  seen  from  the  host  material  due  to  the  large  difference  in  bandgaps.) 
The  numerical  values  are  given  in  Table  1  and  due  to  some  bias  dependence  in  the  value  of  Aiji^  for  the 
AlGaAs  samples,  bias  values  below  the  series  resistance  limit  are  averaged  to  give  the  values  shown.  In 
all  cases  the  wide  QW  requires  a  reduced  value  of  A^,  which  for  sample  2  approaches  Vapp  as  the 
temperature  is  reduced  as  for  sample  1,  indicating  a  thermal  escape  process  may  be  removing  carriers 
from  the  QW,  and  so  reducing  A(t)p 

Modelling  the  signal  from  the  20A  QW  in  samples  2n  and  2p  is  more  difficult,  as  the  narrow 
QW  emission  is  only  visible  at  the  highest  temperature  (300K).  In  sample  2p  a  value  of  Aijij  greater 
than  the  applied  bias  is  required,  whilst  for  sample  2n,  a  value  close  to  Vapp  is  needed.  Previous  studies 
[7,14]  on  these  samples  have  shown  that  for  sample  2p,  holes  can  tunnel  very  efficiently  from  the  tvide 
to  the  narrow  QW,  whilst  for  sample  2n  escape  times  are  slower.  It  is  possible  that  the  strong 
tunnelling  (and  so  non-temperature  dependent)  component  to  the  escape  times  between  the  two 
structures  accounts  for  the  differences  in  the  value  of  Aifip  for  both  QWs  compared  to  sample  2. 

Other  possible  explanations  for  the  reduction  in  A(])f  for  the  wide  QWs  include  uncertainties  in 


:  Vapp  -  A(t),  required  to  fit  the  samples  studied  in  this  paper.  Note  a  negative  (positive)  value  indicates  a 
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the  absorption  spectra,  but  within  the  uncertainties  acceptable  in  well  width  and  alloy  composition  to 
explain  the  observed  excitonic  transition,  the  luminescence  is  still  overestimated  by  A(])f  =  Vapp.  Also, 
carrier  recombination  in  the  neutral  p  region,  where  the  GaAs  signal  originates  in  sample  1,  would 
reduce  A(|)p  whilst  in  practice  the  very  good  agreement  between  A(t)f  and  Vapp  gives  us  confidence  in  our 
calibration  method.  Our  future  work  will  involve  studying  samples  2n  and  2p  further  plus  other  samples 
(where  the  two  QWs  are  separated  by  150 A)  to  explain  the  precise  values  of  A(t)p  Further  samples  with 
different  i  region  thicknesses  may  also  be  studied  to  determine  if  this  has  an  effect  on  the  value  of  A())j, 


4.  Conclusions 

We  have  presented  calibrated  EL  spectra  from  both  single  and  double  quantum  well  samples  and 
compared  data  to  theory.  We  find  that  in  all  cases,  emission  from  a  single  quantum  well  is  described  by 
a  reduced  Acjjf  in  the  QW  relative  to  the  host  material.  Initial  results  from  double  quantum  well  samples 
show  that  depending  upon  the  position  of  the  second  well,  A^r  may  be  either  close  to  or  greater  than  the 
applied  bias.  Combined  with  the  temperature  dependence  of  A(|)t  these  results  suggest  an  escape 
process  may  be  responsible  for  reducing  the  effective  population  within  the  QW  and  this  agrees 
qualitatively  with  differences  previously  seen  in  escape  times  from  the  different  samples. 
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Abstract.  The  influence  of  internal  mechanical  stresses  on  design  and  performance  of  GaAs-LEDs  is  for  the  first 
time  in  detail  investigated.  The  LED-stractures  were  grown  by  liquid  phase  epita.xy  from  the  melts  doped  with 
impurities  of  Si  or  Si  and  Sn  simultaneously.  The  bending  of  crystal  planes,  internal  friction,  distribution  of  dis¬ 
locations,  and  microhardness  in  p-n-junction  regions  have  been  measured.  Tlie  value  of  internal  mechanical 
stresses  changes  depending  on  concentration  of  doping  impmities.  Wlien  the  internal  mechanical  stresses  reach 
their  minimum  the  LEDs  perform  the  maximum  value  of  quantum  efficiency  and  maximum  time  of  failure.  Tlie 
double  Si  and  Sn  doping  is  more  effective.  The  qualitative  model  of  aU  observed  phenomena  is  offered. 


1.  Introduction 

Internal  mechanical  stre.sses  (MS)  are  the  most  general  and  ineluctable  component  of  the  defect  struc¬ 
ture  of  all  types  of  semiconductor  devices.  The  origin  of  the  MS  predetermines  the  construction  of 
semiconductor  devices.  The  value  and  distribution  of  stresses  over  the  surface  and  through  the  bulk  of 
crystal  depend  on  the  concentrations  of  the  doping  impurities  and  are  mostly  determined  by  the  peculia¬ 
rity  of  the  technological  cycle. 

The  MS  are  mainly  caused  by  local  deformation  of  the  interatomic  bonds  what  leads  to  the  defor¬ 
mation  of  tire  crystal  zone  structure  and  may  vaiy  its  properties  in  a  very  wide  range.  The  presence  of 
noncompensated  gradients  of  MS  in  semiconductor  devices  makes  their  defect  structure  unstable  in 
general  and  determines  a  lot  of  degradational  effects  caused  by  MS  relaxation  during  storing  and  usage 
of  the  devices.  The  influence  of  MS  on  GaAs-LEDs’  external  quantum  efficiency  and  their  degrada¬ 
tional  beliavior  has  been  investigated.  The  results  of  the  investigation  are  suggested  for  discussion. 


2.  Experimental 

The  GaAs  p-n-stmctures  doped  with  Si  or  Si  and  Sn  simultaneously  have  been  used  as  the  samples  for 
the  experiment.  The  stinctures  have  been  grown  in  a  single  teclinological  cycle  of  liquid  phase  epitaxy 
from  a  limited  volume  of  Ga-rich  GaAs  melt-solution  on  substrates  of  (lOO)GaAs  doped  with  Sn  or  Te. 
The  thickness  of  substrates  was  between  300  tun  and  350  pm.  Tlie  thickness  of  n-and  p-epitaxial  layers 
was  nearly  equal  and  varied  from  20  j.un  to  60  tun.  The  melt-solution  was  cooled  down  with  two  speeds 
0.5°C/min  and  7°C/min.  Concentration  of  Si  in  the  liquid  phase  varied  from  O.Ub  to  1.1%  of  weiglit. 
The  Si  and  Sn  simultaneously  doped  structures  were  grown  at  constant  concentration  of  Si  in  liquid 
phase  whereas  the  concentration  of  Sn  were  varied  from  zero  up  to  8%  of  weight. 
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For  all  samples  the  following  characteristics  have  been  measured:  bending  radius  of  structure  -  R; 
distribution  of  microhardness  -  H  and  density  of  dislocations  -  Nd;  internal  friction  spectra  at  a  fre¬ 
quency  of  6  Hz;  concentration  of  deep  levels  -  Ni  in  p-n-junctions;  external  quantum  efficiency  of  the 
electroluminescence  p^x ;  dependence  of  the  Pex  on  the  exploitation  time  of  the  LEDs.  Measurement  data 
are  presented  at  Fig.l  and  Fig.2. 

The  values  of  microhardness  and  density  of  dislocations  are  given  for  sample  areas  where  electrolu¬ 
minescence  is  generated.  These  areas  are  situated  in  p-layer  of  structures  at  distances  of  3-15  |.un  from 
p-n-junction  [1].  Microhardness  of  layers  was  determined  relatively  to  the  microhardness  of  the  sub¬ 
strates  in  puipose  of  reducing  the  influence  of  substrate  elastic  properties. 

The  internal  friction  is  integral  method  of  defect  structure  investigation  in  solids[2].  The  internal 
friction  spectra  have  the  resonance  maxima  at  the  melting  point  of  Ga,  Sn  and  470K.  From  tliis  spectra 
we  deteimine  the  quantity  of  metallic  Ga  (Woa)  and  metallic  Sn  (Wsn)  in  sample.  Ga  and  Sn  were  caught 
by  the  gmwing  epitaxial  layer  from  melt-solution  and  appear  to  be  inclusion  of  the  second  phase  [3]. 
The  internal  friction  peak  at  470K  (Q)  correlate  with  the  bending  radius  of  the  structure  (Fig. la  and 
Fig.lc).  VWien  R'^  =0,  Q  reaches  its  ma.\imum  value.  Consequently  Q  ma>-  be  characteristic  of 
mechanical  stresses  in  GaAs-epitaxial  layers. 


3.  Discussion 

Duiing  GaAs  growth  from  the  melt-solution  doped  with  Si  the  defect  structure  of  the  epitaxial  layers  is 
foimed  in  the  following  way.  There  are  several  processes  that  go  simultaneoush  in  the  growing  layer: 
doping  with  Si,  enriching  with  As-vacancies  (Vas),  and  capturing  of  excessive  Ga  (Gai).  The  increased 
cooling  rate  of  melt-solution  is  faster  the  last  process  goes  (Fig.  Ig).  The  local  defoimations  of  crystal 
lattice  caused  by  Vas  and  Ga;  defects  have  different  signs  (atomic  volume  of  vacancy  is  negative)  and 
compensate  to  each  other  (Table  1),  and  therefore  give  mechanical  stability  to  the  ciystal.  Along  with  Gai 
some  quantity  of  Ga  captured  by  film  will  occupy  the  antisite  positions  GaAs.  It  also  increases  the 
mechanical  stability  of  tlie  ciystal  lattice  since  tlie  local  deformation  for  Ga;  and  Gbas  defects  have  tire 
same  sign. 


Table  1.  Structural  characteristics  of  the  elements. 


Element 

Atomic  weight, 
gm/mole 

X-ray  density, 
gm/sm’ 

Atomic  volume, 
era’ 

Si 

28,08 

2.332 

12.04 

Ga 

69.72 

5.908 

11.8 

Ga  in  GaAs 

- 

5.317 

15.0 

As 

74.92 

5.77 

12.98 

As  in  GaAs 

- 

5.317 

12.2 

a-Sn 

118.7 

5.77 

20.5 

The  values  of  the  defect  concentrations  Vas,  Gai  and  GaAs  depend  on  the  Si  concentration.  Si  in 
GaAs  may  occupy  the  both  type  of  vacancies  creating  defects  Sioa  and  SUs  thougli  somehow  always 
prefers  the  vacancies  in  the  Ga  sublattice  [4].  If  the  concentration  of  Si  is  low  the  excessive  Ga  mostly 
occupies  the  interstitial  position  in  crystal,  expanding  the  crystal  lattice  and  bending  the  structure  toward 
the  epitaxial  layer  (Fig.  la).  If  the  Si  concentration  grows  up  the  concentration  of  Gbas  defects  also  grows 


Nsi,  %  in  melt 

Fig.  1 ,  GaAs-LEDs  characteristics  at  different  Si  concentrations 
a-crystal  planes  curvature;  b-deep  level  concentrations; 
c-mechanical  quality;  d-microhardness;  e-density  of  dislocations; 
f-extemal  quantum  efficiency;  g-Ga  concentration; 
h-changing  of  external  quantum  efficiency  with  time  during 
the  accelerated  test 

Melt-solution  cooling  rate: — o — o — o — 


Nso ,  %  in  melt 

Fig.2.  GaAs-LEDs  characteristics 
at  different  Si  concentrations 
a-crystal  planes  curvature; 
b-mechanical  quality; 
c-Ga  concentration; 
d-Sn  concentration 


0.5°C/inin; 

rc/min 
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up  and  the  excessive  Ga  makes  less  influence  on  crystal  lattice.  Along  with  the  increase  of  Si 
concentration  in  melt-solution  its  concentration  in  As-vacancies  grows  up.  The  unstable  structural 
clusters  Sioa[SiA.,(GaAs)3](Gaoa)i2  may  be  formed.  These  clusters  may  collapse  forming  the  inclusions  of 
metallic  Ga.  Si  though  may  be  considered  as  a  beginning  of  the  Ga  metallic  phase.  The  concentration 
of  Ga  inclusions  grows  up  along  with  Si  concentration  growth  (Fig.  Ig).  The  collapse  of  clusters  cause 
the  shrinkage  of  crystal  lattice  because  the  atomic  volume  of  Ga  in  metallic  phase  is  much  less  then  its 
atomic  volume  in  GaAs  (Table  1).  Shrinkage  of  the  epitaxial  layer  causes  the  bending  of  structure  to  the 
opposite  direction  (Fig. la). 

The  described  phenomena  may  be  observed  in  the  entire  investigated  range  of  Si  concentrations. 
There  is  an  optimum  concentration  of  Si  when  there  is  no  bending  of  the  epitaxial  structure.  Then  local 
areas  described  above  balance  to  each  other  what  reduces  the  gi  adients  of  IMS  to  their  minimum  values. 
It  makes  the  ctystal  structure  of  the  epitaxial  layers  relative^  the  most  perfect  (Fig.lc).  The  maximum 
values  of  microhardness  (Fig.  Id)  and  minimum  values  of  dislocation  density'  (Fig.  le)  confirm  the  most 
relative  firmness  of  crystal  lattice. 

The  defect  sti-ucture  of  the  epita.xial  lay'ers  detenmnes  the  properties  of  LEDs  made  on  then  base. 
The  LEDs  with  optimum  Si  concentrations  reveal  the  ma.ximum  quantum  efficiency  of  electrolumines¬ 
cence  Pk  (Fig.  If)  and  tlie  minimum  degradational  speed  of  tliis  characteri.stic  (Fig.lh). 

The  deep  levels  N,  that  are  responsible  for  nonemitting  recombination  (energy  of  activation 
Ei=Ev+0.44  eV;  cross  section  of  main  charge  caiiies  Oi  =  10  cm*  at  T=300K)  may  be  formed  by  [Sioa- 
SIas]  complex  whose  concentration  is  proportional  to  square  of  Si  concentration  in  melt  (Fig.  lb). 

We  e.xpected  that  doping  of  melt-solution  with  impurity  whose  atomic  volume  is  bigger  then  the 
atomic  volumes  of  Ga,  As,  and  Si  (for  example  Sn)  must  cause  the  efficient  compensation  of  IMS  in 
GaAs  epitaxial  layers.  Tliis  effect  was  observed  the  most  clearly  at  big  concentrations  of  Si.  For 
instance,  at  Nsi  =1,1%  of  weight  in  liquid  phase  the  calculated  Sn  concentration  -  N.?n  that  compensates 
the  IMS  in  epitaxial  layers  is  about  4%  of  weight  in  melt-solution.  The  experimental  Ns„  concentration 
that  corresponds  to  the  minimum  of  bending  in  structures  was  equal  to  the  calculated  one  (Fig.2a).  In 
this  case  the  concentration  of  Ga  inclusions  decrea.ses  by  2-3  times  (Fig.2c),  mechanical  perfectness  (Q) 
of  structures  increases  by  4-5  times  (Fig.2b),  and  microhardness  increases  at  10® o.  At  the  same  wave 
lenglit  of  emission  (?.=l|.im)  that  corresponds  to  Nsi  =l,l“/o  of  weiglit  the  quanhim  efficiency  of  LEDs’ 
luminescence  p.^  increases  at  20-100®/6  and  time  of  failure  increases  by  10  times. 
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Abstract.  AlGaN  HFET's  have  achieved  the  highest  /max  97  GHz.  4H-SiC  MESFET's 
have  achieved  the  highest  power  densities,  3.3  W/mm  at  850  MHz  (CW)  and  at  10  GHz 
(pulsed).  On  the  other  hand,  4H-SiC  SIT's  have  achieved  the  highest  output  power,  450  W 
(pulsed)  at  600  MHz  and  38  W  (pulsed)  at  3  GHz.  Moreover  a  one  kilowatt,  600  MHz  SiC 
power  module  containing  four  SIT's  with  a  total  source  periphery  of  94.5  cm  has  been 
demonstrated. 

1.  Introduction 

In  recent  years,  wide  bandgap  semiconductors,  silicon  carbide  and  gallium  nitride,  have  received 
increased  attention  because  of  their  potential  for  a  wide  variety  of  high-power,  high-frequency  devices 
[1-3].  Their  unique  material  properties,  high  electric  breakdown  field  and  high  saturated  electron  drift 
velocity,  are  what  gives  these  materials  their  tremendous  potential  in  the  high-frequency  power  device 
arena.  The  data  in  Table  1  allows  a  comparison  of  the  basie  material  properties  of  silicon,  gallium 
arsenide,  4H  silicon  carbide,  and  gallium  nitride.  Another  SiC  polytype  6H  is  not  included  in  this 
comparison  because  its  lower  electron  mobility  [4]  yields  devices  with  inferior  performance  compared 
to  4H  devices.  Wide  bandgap  semiconductor  devices  will  have  superior  high  voltage  performance  to 
Si  and  GaAs  devices  primarily  because  of  their  higher  breakdown  field.  In  addition  planar  GaN 
heterojunction  devices  could  have  superior  performance  to  planar  SiC  devices  if  the  excessive  heating 
of  present  GaN  devices  fabricated  on  sapphire  substrates  can  be  overcome.  Two  possible  solutions  to 
the  heating  limitation  is  the  use  of  a  SiC  substrate  in  place  of  a  sapphire  substrate  or  flip  chip 
packaging.  The  two  SiC  high-frequency  devices  that  have  demonstrated  the  most  impressive  RF 
power  performance  are  MESFET's  (MEtal  Semiconductor  Field  Effect  Transistor)  and  SIT's  (Static 
Induction  Transistor).  The  AlGaN  HFET's  (Heterojunetion  FET)  have  demonstrated  the  most 
impressive  performance  in  the  gallium  nitride  material  system.  This  paper  will  review  the  exciting 
achievements  that  have  been  made  in  the  area  of  wide  bandgap  semiconductor  high  power  RF  devices. 


Table  1.  Material  properties  of  silicon,  gallium  arsenide,  silicon  carbide,  and  gallium  nitride. 


Property 

Units 

Silicon 

GaAs 

4H-SiC 

GaN 

Bandgap 

eV 

1.11 

1.43 

3.2 

3.4 

Dielectric  Const 

Er 

11.8 

12.8 

9.7 

9 

Breakdown  Field 
(Nd=  1  X  10l2  cm"3) 

V/cm 

6x  105 

6.5  X  105 

35  X  105 

35  X  105 

cm/sec 

lxl07 

1  X  107 

2x  107 

1.5x  107 

Electron  Mobility 

cm^/V-sec 

1350 

6000 

800 

1000 

cm2/V-sec 

450 

330 

120 

300 

Therm  Conduetivity 

W/cm-°K 

1.5 

0.46 

4.9 

1.3 
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Ohmic  Schottky 


Fig.  1.  Cross  section  of  a  SiC  MESFET.  Electrons  flow 
laterally  from  source  to  drain  confined  to  the  n-type  channel 
by  the  P"  buffer  layer  and  controlled  by  the  Schottky  gate. 

2.  Device  Structures 

2.1  MESFET's  and  HFET's 


Sniirrp 


- >► 

N-GaN  Channel 


Nucleation  Layer 


Sapphire  Substrate 


Fig.  2.  Cross  sectional  view  of  an  AlGaN  HFET.  Electrons 
flow  laterally  from  the  source  to  drain  confined  by  the 
nucleation  layer  and  controlled  by  the  gate. 


SiC  MESFET's  are  lateral  devices  with  source  and  drain  ohmic  contacts  on  the  top  surface  of  the  wafer 
(Fig  1).  These  contacts  are  typically  placed  on  top  of  an  N+  epitaxial  layer  to  reduce  contact  resistance 
and  are  separated  by  a  more  lightly  doped  (1  x  lOl^)  n-type  channel  region  [5],  The  majority  carriers 
flow  in  the  channel  (arrow)  from  source  to  drain  and  are  controlled  by  a  negative  potential  applied  to 
the  Schottky  gate  contact.  Typically  device  isolation  is  achieved  with  a  P"  buffer  layer  on  a  conducting 
N"*"  SiC  substrate.  More  recently  high  resistivity  substrates  have  been  used  in  place  of  the  P"  buffer 
layer  to  reduce  bond  pad  capacitance  and  thereby  to  achieve  higher  cut-off  frequency  devices. 

AlGaN  HFET's  (Fig  2)  are  also  lateral  devices,  but  contain  a  more  complex  material  structure 
than  the  SiC  MESFET.  First,  because  GaN  substrates  are  not  readily  available,  the  GaN  epitaxial 
channel  layer  is  grown  on  a  sapphire  substrate  with  an  interposed  nucleation  layer  [6,7].  Wider 
bandgap  Al.i5Ga.85N  is  grown  on  the  channel  layer  forming  a  quantum  well  at  the  interface.  The 
very  high  sheet  carrier  density  1  x  lO^^  cm‘2  in  the  quantum  well  gives  the  AlGaN  HFET  very  high 
current  carrying  capability  and  high  transconductance.  Both  of  which  are  very  attractive  for  high 
frequency  power  devices. 

2.2  Sir's 


In  contrast  to  FET's,  SiC  STT's  are  vertical  devices  (Fig  3)  with  a  source  ohmic  contact  on  the  top  and  a 
drain  ohmic  contact  on  the  back  of  the  wafer.  Between  these  two  N+  regions  is  an  N"  SiC  epitaxial 
drift  layer  (1  x  10 1 6)  whose  doping  is  one  of  the  factors  that  determines  the  device's  breakdown 
voltage,  pinch-off  voltage,  and  transconductance.  Trenches  are  etched  to  define  the  channel  region  and 
Schottky  gate  contacts  are  formed  on  the  bottom  and  along  the  sidewalls  of  the  trench.  Majority 
carriers  flow  from  the  source  contact  to  the  drain  contact  through  the  n-type  channel  region.  Two 
arrows  are  shown  to  indicate  that  the  SIT  structure  [8]  actually  consists  of  two  vertical  channel  regions 
each  controlled  by  a  different  gate  electrode.  Therefore  the  SIT  can  be  visualized  as  two  vertically 
oriented  MESFE'T's  placed  back-to-back.  By  applying  a  negative  voltage  to  the  gate  contacts  the 
current  flow  in  each  of  the  two  channel  can  be  modulated  and  even  decreased  to  zero  when  the 
depletion  regions  under  each  gate  contact  meet  in  the  middle  of  the  channel. 
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N+ 


Schottky  N+  j,  Sf"’' 

prnk 


N‘  Drift  Layer 


Drain  Ohmic  Contact 


Fig.  3.  Cross  sectional  view  of  an  RF  SiC  static  induction 
transistor  (SIT).  Electrons  flow  vertically  from  the 
source  to  drain  subject  to  Schottky  gate  control. 


' '  1  . 1 

SiC  MESFET’s 

;  SiC 
.  (con 

\ 

MESFET  \ 
ducting) 

AIG 

V  : 

aN  HFET’s  . 

■  V 

• 

J 

SiC  SIT’s 

- - - 

10  100 
G„,  (raS/mm) 


Fig.  4.  /max  of  SiC  SIT’s,  SiC  MESFET's  and  AlGaN 
HFET's. 


3.  High  Frequency  Performance 

The  high  frequency  performance  of  a  transistor  is  characterized  by  two  parameters  /t  and  /max-  /T  is 
the  unity  current  gain  cutoff  frequency  and  /max  is  the  maximum  frequency  of  oscillation.  To  first 
order  the  values  of  these  two  figures  of  merit  [9]  are  determined  by  the  transconductance  Gm,  gate- 
source  capacitance  Cgs,  gate-drain  capacitance  Cgd,  output  conductance  Gds,  source  resistance 
Rs,  and  gate  resistance  Rg  of  the  transistor. 


/T  = 


Gm 

27t.(Cgs  +  Cgd) 


(1) 


/max  - 


/T 

2  a/ Gds  (Rs  +  Rg)  +  2ic  /t  Cgd  Rg 


(2) 


The  high  frequency  performance  of  RF  devices  can  be  compared  by  plotting  /max  versus 
transistor  transconductance  Gm  (Fig  4).  Eqs.  1  and  2  can  be  used  to  help  understand  the  large 
differences  in  Gm  and  /max  that  are  seen  when  comparing  SiC  SIT's,  SiC  MESraT's,  and  AlGaN 
HFET's.  Of  these  three  device  types  the  SIT's  have  the  lowest  Gm  and  /max  primarily  because  of  the 
large  channel  thickness  which  is  determined  by  lithography,  etching,  and  minimum  source  contact  size. 
The  typical  double  channel  region  is  2  |im  thick  with  a  doping  density  of  1  x  lO^^  cm-3  [10].  The 
actual  channel  thickness  and  doping  determine  whether  the  device  operates  in  the  SIT  mode,  FET 
mode,  or  mixed  mode.  The  mixed  mode  is  preferred  over  the  SIT  mode  because  of  higher  Gm  and 
lower  Gds  both  of  which  contribute  to  higher  /max  [H]-  SIT's  with  air  bridged  source  contacts  to 
reduce  Cgs  and  Cgd  have  achieved  an  /max  of  8  GHz  [12]. 

Because  FET's  are  lateral  devices  with  chaimel  thicknesses  determined  by  epitaxial  growth  or 
quantum  wells,  their  Gm's  are  necessarily  higher  than  those  of  SIT's.  These  higher  Gm's  lead  directly 
to  higher  frequency  performance  (Fig  4).  SiC  MESFET's  fabricated  on  conducting  substrates  have 
achieved  /max's  as  high  as  16.3  GHz  [13].  SiC  MESFET's  on  semi-insulating  substrates  have 
achieved  even  higher  frequency  performance  (/max  >  42  GHz)  because  the  semi-insulating  substrate 
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has  helped  reduce  some  of  the  FET's  parasitic  capacitances  Cgs  [14,15],  In  the  last  year  AlGaN 
HFET's  have  achieved  the  highest  /max's  ever  reported  for  wide  bandgap  semiconductor  devices. 
These  high  frequencies  can  be  directly  attributed  to  the  quantum  well  channels  of  these  devices. 
Quantum  well  channel  confinement  results  in  very  high  Gm's  (>  100  mS/mm)  and  the  resulting  very 
highfmax's  (>  90  GHz)  [16,17], 

4.  RF  Power  Performance 

The  theoretical  power  capability  of  an  RF  FET's  is  limited  by  the  knee  voltage,  drain  breakdown 
voltage,  and  maximum  drain  current  [18]  and  is  calculated  by, 

o  Idson  (Vb  ~  Vknee) 

F  max  =  g 

where  Pmax  is  the  maximum  RF  power,  Idson  is  the  maximum  drain  current,  Vb  is  the  drain 
breakdown  voltage,  and  Vknee  is  the  knee  voltage  as  shown  below  in  Fig  5.  Idson  is  the  drain  current 
with  a  small  positive  voltage  on  the  gate  electrode.  The  allowable  positive  gate  voltage  (=  IV)  will 
depend  on  the  channel  doping  and  the  work  function  of  the  gate  metal.  The  positive  gate  voltage  is 
limited  by  the  onset  of  forward  Schottky  diode  current.  Although  Eq.  3  applies  specifically  to  FET's 
the  same  approach  would  apply  equally  well  to  other  electronic  devices.  'Therefore  this  discussion  is 
also  valid  for  a  SIT  which  is  operated  in  the  SIT  mode,  the  MESFET  mode,  or  mixed  mode  even 
though  the  I-V  characteristics  may  be  somewhat  different  from  those  shown  in  Fig.  5.  The  DC  load 
line  shown  in  Fig.  5  would  be  used  in  a  Class  A  RF  amplifier  with  the  drain  voltage  Vd  =  (Vb  + 
Vkneey2.  The  slope  of  the  load  line  is  1/Rl  where  Rl  is  the  value  of  the  resistance  placed  across  the 
output  of  the  FET. 

The  output  power  of  SiC  MESFET's  and  AlGaN  HFET's  is  maximized  by  achieving  the  highest 
Idson  and  Vb  while  minimizing  Vknee-  Idson  can  be  increased  and  Vknee  can  be  reduced  by  raising 
the  channel  doping,  but  as  mentioned  earlier,  this  will  lower  the  breakdown  voltage  Vb.  Therefore  a 
design  tradeoff  must  be  made.  Power  amplifier  efficiency  is  also  important  and  can  be  improved  by 
reducing  Vknee-  One  of  the  advantages  of  SiC  MESFE'T's  and  AlGaN  HFET's  compared  to  Si  and 
GaAs  based  devices  is  their  higher  breakdown  voltage.  This  higher  breakdown  voltage  is  a  direct 
result  of  the  wider  bandgap  of  SiC  and  GaN,  see  Table  1. 


Drain  Voltage 

Fig  5.  Piecewise  linear  MESFET  drain  characteristic. 
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The  same  considerations  apply  to  SiC  STT's  for  maximizing  output  power.  However  being  a 
vertical  device  the  SIT  structure  offers  advantages  in  achieving  higher  breakdown  voltage  than  the 
FET's.  The  breakdown  voltage  in  a  FET  is  limited  not  only  by  the  doping  of  the  channel,  but  also  by 
the  surface  breakdown  between  gate  and  drain.  The  SIT  breakdown  voltage  is  not  limited  by  this 
surface  component  and  therefore,  for  the  same  channel  doping  density  would  have  a  higher  drain 
breakdown  voltage  than  the  MESFET.  This  gives  the  SIT  an  advantage  for  high  voltage  applications. 
On  the  other  hand,  as  mentioned  earlier,  the  channel  doping  of  the  SIT  is  usually  lower  than  the 
MESFET.  As  a  result  the  Idson  of  the  SIT  is  smaller  than  that  of  either  the  SiC  MESFET  or  AlGaN 
HFET. 

Some  of  these  differences  are  apparent  in  the  experimental  data  that  has  been  reported  to  date 
Table  2.  SiC  MESFET's  have  achieved  the  highest  power  density  of  3.3  W/mm  which  was  achieved 
using  a  conducting  substrate  with  Vd  =  50  V  at  a  frequency  of  850  MHz  [19]  and  using  a  semi- 
insulating  substrate  with  Vd  =  45  V  at  a  frequency  10  GHz  [20].  However  it  should  be  pointed  out  that 
the  850  MHz  result  was  achieved  during  CW  (continuous  wave)  operation  whereas  the  10  GHz  result 
was  pulsed.  A  device  operated  under  pulsed  conditions  experiences  less  self-heating  and  therefore  is 
able  to  deliver  more  RF  power  than  a  device  operated  under  CW  conditions,  everything  else  being 
equal.  These  two  results  do,  however,  illustrate  the  significant  increase  in  frequency  performance  that 
can  be  achieved  by  using  a  semi-insulating  rather  than  a  conducting  substrate.  The  highest  total  power 
reported  for  a  single  SiC  MESFET  is  15  W  at  2.1  GHz  V[15].  Unfortunately  the  power  density  of  this 
device  0.83  W/mm  at  30  V  is  approximately  the  same  as  that  achieved  with  commercially  available  Si 
LDMOS  FET's  at  48  V  [21].  The  highest  reported  power  density  for  an  AlGaN  HFET  is  2.56  W/mm 
with  Vd  =  25  V  at  10  GHz  [17].  Unfortunately  this  device  was  fabricated  on  a  sapphire  substrate 
whose  poor  thermal  conductivity  probably  severely  limited  its  power  performance.  In  spite  of  this  the 
2.56  W/mm  at  25  V  shows  that  the  AlGaN  HFET  technology  could  offer  strong  competition  to  SiC  RF 
power  devices  as  the  thermal  limitations  are  resolved.  Although  FET's  have  been  demonstrated  with 
the  highest  power  densities,  the  highest  output  power  devices  have  been  a  UHF  SIT  which  achieved 
450  W  pulsed  at  600  MHz  [22]  and  an  S-Band  SIT  which  achieved  38  W  pulsed  at  3  GHz  [12]  both 
with  Vd  =  90  V.  Moreover  a  one  kilowatt,  600  MHz  SiC  power  module  containing  four  SIT's  with  a 
total  source  periphery  of  94.5  cm  has  been  demonstrated  [22]. 


Table  2.  RF  power  performance  of  SiC  MESFET's,  SiC  SIT's,  Si  LDMOS  FET's  and  AlGaN 
HFET's. 


Device 

Idss 

(mA/mm) 

Vd 

(V) 

Frequency 

(GHz) 

Duty  Cycle 

Power  Density 
(W/mm) 

Total  Power 

(W) 

Ref. 

MESFET  (4H-SiC) 

225 

El 

0.85 

CW 

3.3 

1.1 

[18] 

MESFET  (4H-SiC) 

300 

El 

1.8 

CW 

2.8 

0.9 

[5] 

MESFET  (4H-SiC) 

Kil 

2.1 

CW 

0.83 

15 

[15] 

MESFET  (4H-SiC) 

m 

10 

Pulsed 

3.3 

6.35 

[20] 

AlGaN  HFET 

350 

m 

10 

CW 

2.56 

0.26 

[17] 

Si  LDMOS  FET 

la 

0.85 

CW 

0.87 

80 

[21] 

SIT  (4H-SiC) 

El 

0.6 

Pulsed 

1.3 

450 

[22] 

SIT  (4H-SiC) 

65 

El 

3 

Pulsed 

1.2 

38 

[12] 

SIT  Module 

El 

0.6 

Pulsed 

1.058 

1000 

[22] 
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5.  Conclusions 

Impressive  RF  power  performance  has  been  demonstrated  by  three  radically  different  wide  bandgap 
semiconductor  power  devices,  SiC  MESFET's,  SiC  SIT's,  and  AlGaN  HFET's.  At  this  time  each  of 
these  devices  excels  in  different  aspects  of  power  performance,  AlGaN  HFET's  have  achieved  the 
highest  /max  97  GHz.  4H-SiC  MESFET's  have  achieved  the  highest  power  densities,  3.3  W/mm  at 
850  MHz  (CW)  and  at  10  GHz  (pulsed).  On  the  other  hand,  4H-SiC  SIT's  have  achieved  the  highest 
output  power,  450  W  (pulsed)  at  600  MHz  and  38  W  (pulsed)  at  3  GHz.  Moreover  a  one  kilowatt,  600 
MHz  SiC  power  module  containing  four  SIT's  with  a  total  source  periphery  of  94.5  cm  has  been 
demonstrated.  As  these  device  technologies  mature  they  will  play  important  roles  in  RF  power 
generation. 
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Abstract.  Ti/Al/Ti/Au  ohmic  conlacts  with  low  coiKacl  resislaiice  (iLS  low  as  0.24  tl  mm)  were  used  in 
fabricating  short  gate  length  modulation-doped  field  effect  transistors  on  MBE-grown  AlGaN/CiaN  layers. 
Maximum  drain  current  achieved  was  above  1  A/mm  with  a  uan.sconduclance  of  182  mS/mm.  RF 
mea.surement.s  .showed  a  maximum  tV  of  35.9  GHz  :md  an  of  57.0  GHz,  both  achieved  with  0.15  pm 
gate  length.  Simple  aitalysis  showed  tm  electron  .saturation  velocity  ot  1.3  x  Hf  cm/s  in  our  device 
structure.  Maximum  gate-drain  breakdown  voltages  for  the.se  devices  were  measured  to  be  30  to  35  V. 


1.  Introduction 

There  has  been  increa,sed  interest  in  nitride-based  heterostructure  field  effect  transistors  (HFET's)  for 
use  in  high  power  applications.  The  large  conduction  band  discontinuity  allows  lor  high  electron  sheet 
densities  and  thus  high  maximum  drain  currents,  while  the  large  energy  bandgap  gives  extremely  high 
breakdown  voltages.  Indeed  AlGaN/GaN  HFET’s  have  shown  drain  cunents  above  1.1  A/mm  [1]  and 
breakdown  voltages  over  200  V  [2].  On  the  other  hand,  good  electron  mobility  (in  excess  of  1,500 
cmVV  s)  and  high  saturation  velocity  (2  x  l(f  cm/s)  have  also  allowed  GaN  based  HFET’s  to  achieve  f^ 

as  high  as  46.9  GHz  and  Imav  over  100  GHz  [3].  .  ,  .  ,  ,  •  • 

Recent  advances  in  nitride  HFET  labrication  technology  include  the  lowenng  ot  ohmic  contact 
resi.stance  from  relatively  high  values  (>2  O  mm)  [3],[4]  to  0.5  O  mm  or  lower  utilizing  the  Ti/Al  based 
contacts  [2],[5].  Since  the  good  RF  perfoimace  as  demonstrated  in  reference  [3]  was  obtained  with 
relatively  high  values  of  contact  resistance,  this  work  was  focu.sed  on  the  fabrication  of  high  frequency 
AIGaN/GaN  HFET’s  using  improved  ohmic  contacts.  Emphasis  was  also  put  on  retaining  a  high 
breakdown  voltage  despite  the  high  electron  sheet  density  and  short  gate  lengths  used  in  the.se  devices. 


2.  Layer  structure  and  Device  Fabrication 

The  AlGaN/GaN  HFET  layer  structure  itsed  in  this  study  was  that  of  a  modulation-doped  field  effect 
transistor  (MODFET).  The  wafer  was  MBE-grown  and  included  (frorn  bottom  to  top)  a  sapphire 
sub.strate,  0.1  pm  of  AIN  nucleation  layer,  1.5  pm  of  undoped  GaN,  20  A  ot  undoped  /UGaN  spacer, 
20A  of  Si-doped  AlGaN  layer  (Nj  =  7  x  10''^  cm’’)  and  1 10  A  of  undoped  AlGaN  barrier.  The  A1  mole 
fraction  used  in  all  the  AlGaN  layers  was  0.3.  Hall  mea,surements  showed  a  mobility  of  405  cmW  s 
and  an  electron  sheet  density  of  1.67  x  10”  cm'^. 

Before  the  actual  fabrication  of  the  tran.si.stors,  different  ohmic  metallization  schemes  were  tested 
on  another  chip  of  the  same  wafer  to  optimize  the  ohmic  contacting  step.  Different  metal  systems  were 
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deposited  and  annealed  at  80()  "C,  while  their  contact  resistances  were  monitored  as  a  function  of 
annealing  time.  800  "C  was  chosen  instead  of  the  usual  annealing  temperature  of  900''C  to  minimize  any 
surface  damage  induced  by  annealing.  Among  the  different  metal  systems  used,  Ti/Al/Ti/Au  (200  AI 
1(X)0  A/  450  A/  550A)  and  Pd/Al/Ti/Au  {im  A!  KKX)  A/  450  A/  550A)  gave  the  best  results.  Minimum 
contact  resistance  for  the  Ti/AI/Ti/Au  system  was  0.60  mm  with  a  specific  contact  resistance  of  3.44  x 
10''  Q.  cm^  while  the  Pd/Al/Ti/Au  system  achieved  0.25  mm  and  5.95  x  Kf’  cml  However, 
adhesion  of  the  Pd/Al/Ti/Au  contact  to  the  nitride  .surface  had  to  be  improved.  Also,  it  was  noteworthy 
that  the  sheet  resistance  of  the  material  stayed  constant  at  10.30  Q  per  square  through  the  120  s  of  800''C 
annealing,  suggesting  that  the  surface  damage  (nitrogen  desoiption)  induced  by  the  anneal  was  minimal. 

HFET’s  were  then  fabricated  using  the  Ti/Al/Ti/Au  ohmic  system.  The  transistor  fabrication 
process  included  mesa  isolation,  ohmic  contact  formation,  connection  pad  deposition  and  gate 
metallization.  After  annealing  the  ohmic  metal  at  800"C  for  60  s,  a  low  contact  resistance  of  0.24  to  0.4 
il  mm  was  measured  with  TLM  patterns.  This  variation  of  contact  resistance  was  attributed  mainly  to 
non-uniformity  of  the  wafer,  as  the  wafer  was  not  rotated  during  growth.  T-shaped  gates  were  defined 
by  electron  beam  lithography  and  formed  by  evaporating  Pt/Au  (400A/  26(X)A)  or  Ni/Au  (200A/ 
2800A).  Using  SEM,  the  gate  lengths  were  estimated  to  be  varying  from  0.15  to  0.28  pm,  a  direct 
result  from  variation  of  the  exposure  do.se.  Nominal  gate-drain  spacings  were  0.75  and  1  pm. 


3.  Device  performance 

Shown  in  Figure  1(a)  is  the  DC  cuiTcnt- voltage  characteri.stic.s  of  the  fabricated  transistors.  The 
maximum  drain  cuirent  was  above  1  A/mm,  a  result  of  the  high  electron  sheet  density  of  the  material. 
(Measurement  was  stopped  at  1  A/mm  due  to  the  cuiTent  compliance  of  the  measurement  system.) 
Maximum  DC  transconductance  was  182  mS/mm.  Linear  and  steep  cunent-voltage  characteristics  at 
low  drain  biases  signify  the  excellent  quality  of  the  ohmic  contacts.  Total  drain-source  resistance  was 
measured  to  be  2.6  D  mm. 

As  seen  in  Figure  1(a),  there  was  a  non-zero  output  conductance,  particularly  for  lower  cuirent 
levels.  This  was  attributed  to  short-channel  effects  created  by  the  short  gate  length  and  the  absence  of  a 
backside  barrier  to  the  conduction  channel.  At  higher  current  levels  the  output  conductance  was  reduced 
and  even  became  negative.  This  was  due  to  the  additional  effect  of  canier  mobility  lowering  with 
increasing  temperature. 


Figure  1.  (a)  DC  characteri.stic.s  of  the  AlGaN/GaN  MODFET’s  showing  drain  cuiTent  over  1  A/mm, 
and  (b)  RF  performance  of  a  75  pm  periphery  device 
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Despite  a  thin  banier,  good  ohmic  contacts  and  high  electron  sheet  density,  the  measured  static 
transconductance  (gj  was  only  182  mS/mm,  13%  lower  than  the  result  obtained  in  another  layer 
structure  with  the  same  AlGaN  banier  thickness  [6].  One  possible  reason  is  electrons  trapped  in  the 
AlGaN  barrier  (in  traps  or  at  the  conduction  band  minimum  of  the  donor  layer)  which  would  then  have  a 
screening  effect  on  the  gate  potential,  reducing  the  effectiveness  of  charge  modulation  by  the  gate. 

Figure  1(b)  gives  the  RF  performance  of  a  75  pm  periphery  device.  An  t\.  of  32.0  GHz  and  an 
fjnAx  of  57.0  GHz  were  achieved.  A  similar  device  with  a  100  pm  periphery  demonstrated  an  fp  of  35.9 
GHz  and  an  of  54.8  GHz.  SEM  studies  showed  a  gate  length  of  0.15  pm  for  these  devices. 
Although  the  ohmic  contact  was  greatly  improved  compared  to  devices  in  reference  [3],  the  RF 
performance  was  not  as  good.  This  could  be  attributed  to  a  different  layer  structure  and  longer  gate 
lengths  utilized. 

An  estimate  of  the  electron  saturation  velocity  (v^^)  in  our  stracture  can  be  obtained  from  the  RF 
data  as  follows.  For  a  field  effect  transistor,  total  time  delay  for  electron  transit  (x,„|„,)  can  be  given  by 

1 

-  .  „  -  (1) 


where  Trc  is  the  RC  time  contant  for  charging  the  gate  capacitances,  is  the  transit  time  of  electrons 
under  the  gate  and  'tj,,,  is  the  delay  time  for  electrons  to  traverse  the  gate-drain  .separation.  They  are  in 
turn  given  by 


(2) 

L.  JT 

(3) 

^  V 

,  ^H(l  ^transfer 

■  2v„., 

(4) 

where  R^^  is  the  gate  access  resistance,  R^  is  the  source  resistance,  and  C  ,,  Cj,,,  and  are  gate- 
source,  gate-drain  and  gate  pad  capacitances  re,spective!y.  is  the  effective  gate  length  which 
includes  the  fringing  field  effect.  L^,,,  is  the  physical  gate-drain  separation  and  is  the  ohmic  contact 
transfer  length.  The  factor  of  2  in  equation  (4)  comes  from  the  fact  that  here  an  induced  current  is 
passing  through  a  region  with  a  relatively  contant  field  [7],  as  is  the  case  of  bipolar  transistors  where  the 
collector  lepletion  transit  delay  takes  on  a  similar  expre.ssion  [8].  For  a  rigorous  mathematical  treatment 
readers  t  :e  referred  to  reference  [9]. 

ubstituting  the  appropriate  values  from  various  DC  measurements  and  RF  parameter  extraction, 
we  havi  an  estimate  of  the  electron  saturation  velocity  in  our  structure: 

v,.^,=  1.3  X  Itr  cm/s 

which  s  about  60%  of  the  theoretical  value  obained  from  Monte  Carlo  calculations  [10].  As  material 
quality  and  processing  techniques  continue  to  improve,  this  saturation  velocity  value  is  expected  to 
increase  towards  the  theoretical  maximum. 


4.  Considerations  as  a  power  device 

For  the.se  transistors  to  be  useful  as  power  devices,  they  must  have  a  high  maximum  drain  cunent 
together  with  a  high  breakdown  voltage  at  pinch-off.  Maximum  drain  cuiTent  was  high  and  above  1 
A/mm,  but  these  devices  showed  only  a  modest  gate-drain  breakdown  voltage  of  30  to  35  V,  much  less 
than  some  of  the  best  results  achieved  in  GaN  ba.sed  field  effect  transistors  (>  200  V  for  large  gate-drain 
spacing)  [2].  This  was  the  result  of  a  relatively  high  gate  leakage  cunent  on  the  gate  at  pinch-off. 
Becau.se  of  the  high  sheet  charge  density  in  the  layer  structure,  there  would  be  a  very  high  electiic  field 
underneath  the  gate  in  pinch-off  conditions,  giving  ri.se  to  increa.sed  tunneling.  Any  additional  field  that 
comes  from  drain  bias  and  field  crowding  effects  for  very  short  gates  further  worsen  the  situation. 
Indeed  a  recent  experiment  by  the  authors  on  the  same  layer  structure  showed  an  average  gate-drain 


430 


breakdown  voltage  of  22.6  V  for  0.15  |im-gates,  33.8  V  for  0.3  nm-gate,s  and  51.6  V  for  1  [ira-gates 
for  the  same  gate-drain  separations.  Furthermore,  the  breakdown  voltage  variation  with  gate-dtrain 
spacing  was  small  (as  opposed  to  common  observation),  suggesting  that  the  major  breakdown 
mechanism  occurred  close  to  the  gate,  possibly  tunneling  in  this  case,  and  was  not  very  sensitive  to 
changes  in  gate-drain  separation.  Another  plausible  rea.son  for  high  gate  leakage  would  be  surface  states 
or  carrier  traps  in  the  banier  that  lead  to  conduction  paths  which  were  not  accounted  for  in  our  original 
transistor  design.  With  a  better  layer  structure  design,  i.e.  lower  sheet  charge  density,  this  high  gate 
leakage  current  is  expected  to  be  eliminated  and  transistors  should  show  a  much  higher  breakdown 
voltage. 


5.  Conclusions 

We  have  demonstrated  high  frequency  AlGaN/GaN  MODFETs  with  improved  ohmic  contacts.  With  a 
contact  resistance  as  low  as  0.24  fl  mm,  over  1  A/mm  of  drain  cuiTent  and  182  mS/ram  of 
tran,sconductance  were  obtained.  RF  measurements  revealed  f^  =  35.9  GHz  and  =  57.0  GHz. 
However,  these  devices  suffered  from  a  relatively  low  gate-drain  breakdown  voltage  of  30  to  35  V. 
Pending  more  detailed  analysis,  the  gate  leakage  current  that  lowered  the  breakdown  voltage  was 
attributed  to  tunneling  through  the  AlGaN  banier  and/or  conduction  through  traps  and  surface  states. 
With  improved  layer  structure  design  and  pr(x;e.s.sing  techniques,  AlGaN/GaN  HFET's  will  reach  their 
full  potential  as  high  frequency  and  high  power  devices. 
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AIGaN/GaN  MODFETs  with  Low  Ohmic  Contact 
Resistances  by  Source/Drain  n^  Re-growth 


Y.-F.  Wu,  D.  Kapolnek,  P.  Kozodoy,  B.  Thibeault,  S.  Keller,  B.P.  Keller,  S.P.  Denbaars 
and  U.K.  Mishra 

Department  of  Electrical  &  Computer  Engineering,  University  of  California,  Santa  Barbara,  CA  93106 

Abstract;  n*  regrown  source-drain  regions  have  been  used  for  AIGaN/GaN  MODFETs  to  obtain  a  low- 
resistance  ohmic  contact  and  clear-cut  ohmic  boundaries  which  will  potentially  facilitate  fabrication  of 
deep  submicron-gate  devices.  The  process  consists:  1 .  Formation  of  the  Si02  re-growth  mask  by  E-beam 
evaporation  and  lift-off;  2.  Removal  of  the  AIGaN  layer  in  the  ohmic  region  by  RIE;  3.  n*  GaN  re-growth 
in  the  MOCVD  reactor;  4.  Ohmic  metal  deposition  and  annealing.  A  transfer  ohmic  contact  resistance  of 
0.44  Q-mm  was  achieved.  Much  improved  device  performance  was  obtained  with  the  new  ohmic  scheme 
over  the  conventional  scheme  with  the  same  metalisation. 


1.  Introduction 

As  a  candidate  for  future  power  devices  in  microwave  and  millimeter  frequencies,  the  GaN-channel 
FET  has  been  consistently  improving  its  performances  as  represented  by  an  ft  of  50  GHz  and  a  CW 
power  density  of  2.6  W/mm  at  10  GHz  .  Low  ohmic  contact  resistances  are  required  to  achieve  a 
high  power  efficiency  and  high  cut-off  frequencies.  Although  a  transfer  contact  resistance  of  0.4  ~ 
0.6  Q-mm  for  AIGaN/GaN  MODFETs  can  be  obtained  with  the  multi-layer  ohmic  scheme  ,  the 
high  annealing  temperature  of  900  “C  results  in  an  ohmic  alloy  with  large  edge  roughness  of  0.3  ~ 
0.4  |xm,  making  implementation  of  deep  sub-micron  devices  difficult  .  Here  we  report  a  new 
ohmic  scheme  using  n”^  source  and  drain  re-growth  which  yielded  both  a  low  contact  resistance  and 
clear-cut  ohmic  boundaries  with  a  lower  annealing  temperature. 


2.  Device  fabrication  and  performance 

The  epi-layer  structure  for  this  study  is  shown  in  Fig.l  (a).  The  growth  by  metal  organic  chemical 
vapor  deposition  (MOCVD)  started  with  a  200  A  GaN  nucleation  layer.  This  was  followed  by  a  0.4 
|im  unintentionally  doped  (UID)  GaN  layer  (n  ~  4xl0'*  cm'^).  The  A1  isGa.ssN  gating  layer  consisted 
of  a  30  A  UID  spacer,  a  150  A  Si  doped  donor  layer  (n  ~  3xl0'*  cm'^)  and  a  120  A  UID  cap.  The 
background  doping  density  of  the  UID  Al.isGa.ssN  was  -IxlO'®  cm'^. 

Two  samples  with  the  same  nominal  structure  were  used  for  a  direct  comparison  of  the  n'^ 
regrown  contact  method  with  the  conventional  one.  The  process  flow  of  the  n'^  re-growth  method  is 
shown  in  Fig.l.  First,  a  4000  A  Si02  pattern  was  deposited  by  electron  beam  (E-beam)  evaporation. 
With  this  as  a  mask  the  Al.isGa  gsN  layer  and  1000  A  of  GaN  in  the  source  and  drain  regions  were 
removed  by  CI2  reactive-ion-etching  (RIE).  Then  the  wafer  was  transferred  into  the  MOCVD  reactor 
and  6000  ~  8000  A  of  n'^  GaN  (Si  doped  to  2xl0'*  cm'^)  was  regrown.  Over-growth  was  avoided  by 
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choosing  the  proper  orientation  (please  see  reference  for  details).  Fig.2  shows  the  scanning 
electron  microscope  (SEM)  image  of  the  regrown  source/drain  regions.  Inspection  indicated  that  the 
roughness  of  the  n'^  GaN  edge  duplicated  that  of  the  Si02  boundary.  The  Si02  was  removed  with  HE 
after  the  re-growth  and  the  rest  of  the  process  was  the  same  as  for  the  conventional  GaN  MODFET: 
Ti/Al  (200A/2000A)  was  evaporated  and  annealed  at  670  “C.  Mesa  isolation  was  done  by  RIE  with 
photo-resist  as  the  mask.  Finally,  Ni/Au  (200A/4800A)  was  deposited  as  the  gate  metal. 

SiOj 

2-DEG 


200  A  GaN 
Nucleation 
Layer 

(  a  )  The  layer  structure  of  the  MODFETs  (  0  )  1300  A  AIGaN/GaN  is  etched  away 

with  SiOj  patterning  as  regrowth  mask  and  6000  A  iTGaN  is  regrown 


G  D 


( c  )  The  Si02  is  removed,  source/drain  (  d )  Mesa  isolation  is  done  and  the 

metal  is  evaporated  and  annealed  gate  metal  is  evaporated 


Fig.1  Process  flow  of  the  GaN  MODFETs  with  n'*'  regrown  ohmic  contacts. 
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Fig.3 


Spacing  (pm) 

Linear  curve  fits  of  the  TLM  measurement  resuits  for  determining  contact  resistances 
(1.  conventional  method:  R(.=3.0  O-mm;  2.  n'*'  regrowth  method:  Rj=0.44  fi-mm). 


On-wafer,  19  pm  square,  TLM  patterns  with  separations  from  2  to  30  pm  were  used  for  the 
contact-resistance  measurement.  Fig.3  shows  the  results  of  both  methods.  A  typical  transfer  contact 
resistance  of  0.44  Q-mm  was  achieved  with  the  regrown  ohmic  contact,  not  far  from  the  0.2  Q-mm 
value  generally  obtained  with  GaAs  MESFETs.  Compared  with  the  3  O-mm  value  using  the 
conventional  scheme,  the  new  method  showed  an  improvement  by  a  factor  of  7.  The  MODFET 
output  IV  characteristics  are  shown  in  Fig.4.  The  new  scheme  resulted  in  a  much  lower  knee  voltage 
of  ~  3  V,  a  higher  tran.sconductance  of  170  mS/mm  and  a  better  current-gain  cut-off  frequency  of  10 
GHz,  as  compared  with  the  values  of  7  V,  130  mS/mm  and  7  GHz  accordingly  for  the  conventional 
scheme  (gate-lengths  were  both  1.2  pm).  The  breakdown  voltages  for  both  devices  with  a  gate-drain 
separation  of  1  pm  are  ~  100  V,  showing  no  degradation  due  to  the  re-growth  process. 


y.(y)  '  v,(v) 

Fig.4  Comparison  of  the  output  characteristics  of  the  MODFETs  with  two  ohmic  contact  schemes 

(Vgs  start:  +1.5V,  step:  -IV). 
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3.  Conclusion 

we  have  developed  a  new  ohmic  contact  scheme  for  AlGaN/GaN  MODFETs  with  n'^  re-growth, 
which  yielded  a  low  transfer  ohmic  contact  resistance  of  0.44  D-mm.  Since  the  n  ohmic  region  is 
defined  by  E-beam  evaporated  Si02  through  lift-off,  a  clear-cut  ohmic  edge  can  be  achieved  which 
potentially  facilitates  fabrication  of  deep  sub-micron  devices. 
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Wide  Bandgap  Collectors  in  GaInP/GaAs  Heterojunction 
Bipolar  Transistors  with  Increased  Breakdown  Voltage 


R.M.  Flitcroft,  B.C.  Lye,  H.K.  Yow,  P.A.  Houston,  C.C.  Button,  J.P.R.  David. 

Department  of  Electronic  and  Electrical  Engineering,  The  University  of  ShefBeld,  Mappin  Street,  Sheffield 
SI  3JD,  UK. 

Abstract.  Alo  iiGao,89As  in  the  base,  adjacent  to  the  collector  has  been  used  to  eliminate  the  conduction 
band  spike  and  demonstrate  double  HBTs  with  high  breakdown  voltages,  BVceo  und  BVbco,  of  44V  (current 
gain  of  20)  and  54V  respectively  with  a  1pm  thick  GalnP  collector  doped  to  2xl0'*cm'^  without  any  voltage 
dependence  on  the  gain.  The  inferred  electron  lifetime  in  the  AlGaAs  base  was  found  to  be  approximately 
ten  times  smaller  than  the  equivalently  doped  GaAs.  Analysis  of  the  Kirk  effect  yielded  an  estimate  of  the 
effective  velocity  in  the  GalnP  collector  of  4.3xl0‘cms''  at  room  temperature.  A  graded  AlGaAs  base  and 
graded  transition  from  GalnP  at  the  base/collector  junction  to  AllnP  demonstrated  a  record  breakdown 
voltage,  BVbco=74V,  for  the  same  collector  doping  and  thickness.  Electron  impact  ionisation  coefBcients 
were  measured  for  use  in  an  Ebers-Moll  model  to  predict  breakdown  voltage. 


1.  Introduction 

A  high  breakdown  voltage  and  good  frequency  and  current  handling  near  saturation  are  both  required 
for  high  power  and  power  added  eflSciency  [1]  in  GaInP/GaAs  high-power  microwave  HBTs.  Lattice 
matched  GalnP  or  AllnP  as  the  collector  material  increases  the  breakdown  voltage  con^ared  to  GaAs 
but  both  have  an  undesirable  conduction  band  spike  at  the  junction  with  the  GaAs  base  which 
compromises  the  device  performance  close  to  saturation.  An  n‘  spacer  layer  at  the  base/collector 
junction  and/or  a  high  delta-doped  layer  in  the  conduction  band  spike,  to  depress  the  spike  and 
encourage  tunnelling^  respectively,  have  been  tried  but  may  lead  to  premature  space  charge  storage 
effects  at  high  collector  current  densities  or  Zener  breakdown  if  the  delta-doped  region  is  not  positioned 
accurately  in  the  spike  and  with  the  correct  amount  of  dopant. 

In  this  paper,  we  present  a  novel  approach  to  eliminate  the  conduction  band  spike  using  AlGaAs 
as  the  base  material,  which  has  been  shown  recently  to  have  a  zero  conduction  band  offset  with  GalnP 
for  a  composition  of  Alo  iiGao.ggAs  [2].  This  structure  has  enabled  us  to  assess  the  effective  saturation 
velocity  under  high  space-charge  injection  conditions.  Direct  conq)arisons  were  made  of  the  GaAs  and 
AlGaAs  bases  using  magneto-transport  measurements.  Impact  ionisation  measurements  made  directly 
on  the  HBTs,  have  enabled  accurate  predictions  of  breakdown  voltages  over  a  range  of  collector 
material,  doping  levels,  thicknesses  and  temperature  to  be  made. 


2.  Experiment 

The  DHBT  structures  were  grown  in  an  MR350  (MR  Semiconductors  Ltd)  low  pressure  (150  Torr) 
horizontal  MOVPE  reactor.  A  0.5(im  thick  GaAs  subcollector  doped  to  n=3xl0'*cm’^  grown  on  an  n* 
GaAs  substrate  was  followed  by  a  Ijim  thick  collector  of  Gao.52Ino.48P  or  Alo.52Ino.48P  with  a  250A 
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region  graded  from  Gfao.srino  48?  at  the  collector  base  junction  to  Alo.52Ino.48P.  The  collector  was  doped 
to  either  IxlO'^cm’^  or  2xl0'®cm'^  with  the  graded  layer  in  the  case  of  the  Alo.52Ino.48P  collector  doped 
to  2xl0”cm'^  to  maintain  a  zero  electron  blocking  spike  at  zero  bias.  The  0.08|J,m  thick  C-doped  (p=l 
to  SxlO'^cm"^)  base  layer  was  linearly  graded  AlxGai-xAs  (x=0. 11  at  the  collector  to  x=0.21  at  the 
emitter)  and  had  a  Gao  52610.48?  emitter  layer  (0.25nm  thick)  doped  to  n=5xl0'’cm'^  on  top.  Two  fi^er 
0.05nm  thick  layers  of  Gao.52Ino.48P  and  GaAs  completed  the  structure  with  doping  of  n=3xl0‘*cm'^  and 
n=5xl0‘*cm‘^,  respectively.  The  source  materials  were  AsHj  and  PH3  (both  100%)  and  TMGa,  TMIn 
and  TMAl.  lOppm  disilane  in  He  and  450ppm  CCL,  in  Hj  were  used  for  the  n  and  p-doping  respectively. 
Growth  was  carried  out  at  700°C  except  for  the  base  which  was  grown  at  620°C  to  ensure  high  C 
incorporation.  The  120|j.mxl20jim  devices  were  fibricated  using  a  standard  double  mesa  process  with 
InGe/Au  and  Pd/Zn/Pd/Au  used  for  the  n  and  p  type  contacts  respectively. 

The  collector  doping  was  determined  by  C-V  measurements,  and  magneto-transport  experiments 
were  performed  to  determine  the  minority  carrier  mobility  in  the  base  [3],  Impact  ionisation  coefficients 
were  measured  directly  on  the  HBTs  using  the  injected  emitter  current  into  the  collector  depletion 
region  to  initiate  multiphcation  [4], 


3.  Results  and  Discussion 


Figure  1  compares  the  output  characteristics  of  DHBTs  with  (a)  an  Alo  iiGao.89As  base  with  a  GalnP 
collector  and  (b)  an  Alt,  nGao  89As  base  with  a  AUnP  collector  including  a  250A  linear  compositional 
graded  region  at  the  base-collector  interface,  to  a  GaAs  base  and  a  Gain?  collector.  The  very  effective 
elimination  of  the  conduction  band  spike  by  interfacing  the  Alo.nGao.89As  composition  at  the  collector 
side  of  the  base  with  Gain?  at  the  collector  is  clearly  demonstrated  by  the  absence  of  any  significant 
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Figure  1:  DHBT  output  characteristics  of  (a)GaInP  and  (b)AlInP  collectors  with  AlGaAs  bases  compared  to  a  GalnP 
collector  with  a  GaAs  base  (broken  line). 
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voltage  dependence  of  gain  with  the  AlGaAs  base.  In  the  GaAs  base  device  the  low  current  gain  at 
Vce<20V  is  due  to  excess  base  charge  storage  resulting  from  the  conduction  band  spike  at  the  collector. 
The  breakdown  voltages,  BVceo  and  BVbco,  were  measured  separately  on  a  cuwe  tracer  to  give  values 
of  44V  and  54V  respectively  with  a  l|xm  thick  GalnP  collector  doped  to  2x10  cm  and  a  current  gain 
of  20  (case  (a)).  The  AUnP  collector  device  demonstrated  a  record  breakdown  voltage, 
BVceo“BVbco=74V,  for  the  same  collector  doping  and  thickness  with  a  current  gain  of  8.  The 
difference  in  these  current  gains  is  mainly  due  to  a  base  doping  concentration  d^erence. 

Magneto-resistance  measurements  on  the  AlGaAs  base,  together  with  the  DC  current  gain, 

yielded  electron  lifetimes  ten  times  less  that  equivalently  doped  GaAs  which  would  affect  (reduce)  fmax- 
However,  the  built-in  field  offsets  this  to  a  degree  by  reducing  the  base  transit  time  by  a  factor  of  2.4 
which  would  enhance  fi.  The  graded  base  enhances  the  gain  by  this  factor  compared  to  a  non-graded 


base  with  the  same  average  A1  and  doping  concentration.  ... 

The  Kirk  effect  was  used  to  determine  the  important  effective  electron  saturation  velocity  m 
GaInP.  Because  of  the  lack  of  a  conduction  band  discontinuity  in  our  structures,  the  effect  of  field 
reversal  at  the  base-collector  junction  [5]  could  be  clearly  observed  without  being  masked  by  the 
blocking  effect  of  the  spike.  The  well  known  Kirk  effect  equation  applies  in  this  case: 


JK  =  qvs 


2eVcB 
Nc+  “ 


(1) 


V  qWc^ . 

where  Jk  is  the  collector  current  at  the  onset  current  gain  reduction,  q  the  electronic  charge,  vs  the 
effective  collector  velocity,  Nc  the  collector  doping  density  (IxlO'^cm’  in  this  case),  e  the  dielectric 
constant  in  the  collector,  Vcb  the  collector-base  junction  bias  including  the  built-in  potential,  the  applied 
bias  and  voltage  across  the  collector  and  base  series  resistance  due  to  the  collector  and  base  current 
flow  respectively,  and  Wc  is  the  base  width.  The  potentials  across  the  base  and  collector  resistances 
tend  to  reverse  and  forward  bias  the  base-collector  junction  respectively  and  a  good  knowledge  of  both 
is  required  to  solve  (1)  for  vs.  The  observed  onset  of  current  gain  reduction  is  due  to  the  build-up  of 
electron  space  charge  in  the  collector  causing  the  field  to  reverse  at  the  base-eoUector  junction  [5], 


Inverse  Electric  Field  {x10-»  cmlV)  Inverse  Electric  Field  (x10-«  cm/V) 


Figure  2:  Electron  ionisation  coefiBcients  measured  on  a 
range  of  collector  materials. 


Figure  3:  Variation  of  electron  ionisation 
coefficients  with  temperature. 
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resulting  in  an  increase  in  the  electron  storage  in  the  base.  Note  that  base  pushout,  where  holes  from  the 
base  move  into  the  collector  to  neutraUse  the  electron  space  charge,  does  not  occur  in  this  structure  due 
to  the  blocking  action  of  the  valence  band  discontinuity.  Equation  ( 1 )  was  solved  for  vs  using  measured 
and  estimated  values  of  the  collector  and  base  series  resistances  to  calculate  Vcb.  Using  pulsed  (200ns) 
emitter-base  bias  with  a  0.5x10'^  duty  cycle  yielded  Vs=4.3xl0®cms''.  This  value  is  in  good  agreement 
with  that  reported  (4.4xl0'’cms'‘)  from  the  dependence  of  cut-off  frequency  with  collector  depletion 
width  [6]  but  may  represent  a  lower  limit  because  of  current  crowding  effects  in  these  large  devices. 

Measured  electron  ionisation  coefficients  for  CJaAs,  GalnP  and  AllnP  and  are  shown  in  figure  2. 
The  temperature  dependencies  for  AllnP  are  shown  in  figure  3.  Such  data  were  included  in  a 
comprehensive  Ebers-Moll  model  which  contams  a  wide  range  of  temperature  dependent  effects  and 
figure  4  illustrates  the  calculated  output  characteristics  at  two  temperatures.  The  ionisation  data 
exhibited  here  enables  breakdown  characteristics  to  be  predieted  for  a  wide  range  of  materials, 
temperatures,  and  doping  and  thicknessess  of  collectors. 


4.  Conclusions 

Alo  iiGao.ggAs  in  the  base  layer  of  an  KBT,  next  to 
the  collector,  eliminates  the  conduction  band  spike 
in  GalnP  and  AlTnP  collectors,  demonstrating  the 
usefulness  of  these  structures  for  high  power- 
added  efficiency  devices.  The  AlGaAs  base 
material  has  a  reduced  gain  compared  to  GaAs  for 
a  given  doping  density,  but  this  effect  can  be 
partially  offset  by  employing  grading  in  the  base. 

The  effective  saturation  velocity  for  GalnP  has 
been  estimated  to  be  4.3xl0*cms’';  somewhat  less 
than  that  for  GaAs  but  still  useful  for  lower 
frequency  apphcations.  Electron  impact  ionisation 
coefficients  have  been  measured  directly  on  the 
HBTs  and  can  be  successfully  used  to  predict 
breakdown  behaviour  in  HBTs  covering  a  range 
of  collector  materials,  thicknesses  and  doping 
densities. 
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Abstract.  A  new  emitter  design  based  on  composite  AlGaAs/GalnP  approach  is  described  which  allows 
significant  reduction  of  Cbe  and  improved  high  frequency  performance.  Self-aligned  composite 
AlGaAs/GalnP  and  traditional  emitter  design  HBTs  were  fabricated  on  CBE  layers  grown  with  TBA/TBP 
precursors.  Cbe  of  composite  emitter  HBTs  is  significantly  lower  than  for  traditional  designs  and  does  not 
show  significant  variation  with  collector  current.  This  leads  to  enhanced  fr  characteristics  for  composite 
emitter  HBT  designs  and  confirms  the  theoretical  expectations.  The  Cbe  achieved  with  the  new  designs  was 
by  at  least  4  times  lower  than  that  of  conventional  transistors  and  resulted  in  20%  enhancement  of  cutoff 
frequency. 


1.  Introduction 

GaInP/GaAs  Heterojunction  Bipolar  Transistors  (HBTs)  offer  significant  advantages  over 
AlGaAs/GaAs  devices  such  as  large  valence  band  discontinuity  and  excellent  etching  selectivity  as 
demonstrated  by  the  authors[l]  and  other  laboratories  [2],  [3].  Excellent  microwave  properties  have 
been  obtained  using  GalnP  HBTs  [3]  and  Chemical  Beam  Epitaxy  (CBE)  using  TBA/TBP  precursors 
has  been  reported  for  material  growth  of  such  devices  [4].  A  common  limitation  in  high  speed 
performance  of  HBTs  has  been  their  relatively  large  base-emitter  capacitance(CBE)  which  is  limited  by 
mobile  carrier  transport  in  the  emitter  region  [5].  Mobile  carrier  transport  takes  place  in  traditional 
HBT  designs  by  diffusion  and  results  in  charge  accumulation  in  the  emitter  and  thus  increased  Cbe-  To 
reduce  the  impact  of  this  effect,  a  composite  AlGaAs/GalnP  emitter  design  was  employed.  A 
compositionally  graded  AlGaAs  layer  forms  an  electron  launcher  at  the  interface  with  the  GalnP  layer 
which  injects  the  electrons  at  a  high  kinetic  energy  towards  the  remaining  part  of  the  emitter,  thus 
resulting  in  lower  free  carrier  concentration  and  smaller  Cbe,  especially  at  high  current  drive(Jc). 
Although  the  dynamic  resistance  of  the  HBT  also  increases  with  Jc,  the  Cbe  increase  in  traditional 
designs  plays  a  predominant  role,  dominating  therefore  the  emitter  time  constant  (Te).  This  paper 
addresses  experimentally  the  new  emitter  design  based  on  the  earlier  reported  composite 
AlGaAs/GalnP  approach  [5]  which  allows  significant  reduction  of  Cbe  and  thus  improved  high 
frequency  performance. 
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2.  Layer  Structure  and  Device  Fabrication 

The  new  emitter  HBT  design  consists  of  a  compositionally  graded  380A  thick  AlGaAs 

(A1  ;  0  0.22)  layer  followed  by  undoped  lOOA  thick  GalnP  which  serves  in  reducing  the  spike 
created  in  the  conduction  band  of  the  AlGaAs/GalnP  heterointerface.  A  5xl0‘®  cm'\  400A  thick 
emitter  layer  is  used  below  the  undoped  GalnP  and  the  p-doped  base.  To  better  evaluate  the  advantages 
of  the  new  emitter  design  and  validate  the  proposed  approach,  an  abrupt  junction  GaInP/GaAs 
traditional  HBT  was  also  fabricated  for  comparison.  The  emitter  design  of  the  traditional  HBT  consists 
starting  from  the  emitter  cap,  of  an  n+  (lxl0'®cm‘^)  GalnP,  700A  thick  layer  followed  by  n  (3x10'’'  cm' 
),  2000A  thick  GalnP.  A  common  design  feature  of  the  two  HBT  structures  is  a  GalnP  etch  stop  layer 
between  the  GaAs  collector  and  subcolllector.  This  can  be  used  to  form  a  laterally  etched  undercut  and 
leads  to  reduction  of  the  Cbc  capacitance  and  thus  cutoff  frequency  enhancement.  The  GaInP/GaAs 
HBT  layers  were  grown  by  CBE.  Group  III  atoms  were  provided  by  TEGa  and  TMIn.  Precracked 
tertiarybuthylarsine  and  phosphine  (TBA,TBP)  and  uncracked  trisdimethylaminoarsine  (tDMAAs) 
were  employed  as  Group  V  sources.  Uncracked  hydrogen  sulfide  (H2S)  and  TMGa  were  used  for  n- 
and  p-  doping  respectively.  The  employed  growth  approach  resulted  in  very  high  level  of 
reproducibility  of  growth  parameters  and  very  low  defect  densities  as  expected  earlier  on  by  the 
authors  [6].  Self-aligned  HBTs  with  single  2x30(im^  emitter  fingers  were  fabricated  on  the  above 
layers.  The  key  process  features  are  as  follows;  Ti/Pt/Au  non-alloyed  emitter  and  collector  ohmic 
contacts;  Pt/Ti/Pt/Au  non-alloyed  base  contacts,  GalnP  emitter  etch  by  HCl  and  pillar/airbridge 
fabrication  using  Ti/Al/Ti/Au.  GaAs  collector  undercut  as  necessary  for  Cbc  was  achieved  by  a  wet 
etching  solution  consisting  of  NH4OH  :  H2O2  ;  H2O.  Fig.  1  shows  the  cross-section  of  a  completed 
HBT  with  laterally  etched  undercut. 


Fig.  1.  Cross-section  of  the  device  profile  with  laterally  etched  collector. 


3.  DC  and  Microwave  Performance 

Typical  DC  characteristics  of  the  composite  emitter  and  the  traditional  emitter  device  are  presented  in 
Fig.  2(a).  DC  gain  of  30  and  28,  base  ideality  factors  of  1.72,  2.26  and  collector  ideality  factors  of 
1.26,  1.27  and  a  collector-emitter  breakdown  voltage  of  above  13.5V  are  obtained  for  the  composite 
emitter  and  traditional  emitter  device  respectively.  The  offset  voltage  (Voffset)  of  both  devices  was 


441 


about  same  (0.15V).  The  microwave  properties  of  HBTs  were  measured  in  common-emitter 
configuration  using  on  wafer  tests  and  an  HP8510B  network  analyzer.  The  power  and  current  gain 
versus  frequency  characteristics  of  the  composite  emitter  HBT  are  shown  in  Fig.  2(b).  The  current  gain 
cutoff  frequency  (fr)  extrapolated  from  the  measured  IH21I  using  a  -6dB/Oct  slope  rule  was  60GHz  for 
the  composite  emitter  design  HBT,  and  43GH2  for  the  traditional  emitter  design  HBT.  The  maximum 
oscillation  frequency  (fmax)  from  Mason’s  U  was  75GHz  for  the  composite  design,  and  60GHz  for  the 
traditional  design  at  Vce=2V,  Ic=18.1mA  and  Vce=2V,  Ic=16.5mA  for  the  composite  and  traditional 
designs  respectively. 


Fig.  2.  DC  (a)  and  Microwave  (b)  characteristics  of  the  composite  emitter  HBTs,  Vce=2V, 
Ic=18.1mA.(Emitter  size :  2x30pm^) 


The  HBT  equivalent  circuit  parameters  were  extracted  from  S  parameter  data  using  our  previously 
reported  analytic  approach  [7].  The  total  delay  time  (tj)  and  forward  transit  time  (Xp  =  Xb  +  Xc)  were 
calculated  analytically  from  the  impedance  block  elements  of  the  HBT  equivalent  circuit.  The  relations 
below  summarize  the  approach  used  [7],  [8]: 


Xd  =  Xe  +  Xb  +  Xc  +  Xc’  =  ang([Zi2-Z2i]/[Z^-Z2i])  (1) 
Xf=  Xb  +  Xc  =  -  tan''(Re[ocZBc]/ Im[ctZBc])  (2) 
where  Xe  -  CbeRbe,  Xc’=  CbcRc 


The  calculated  Xd,  Xp  as  function  of  frequency  from  the  extracted  small  signal  parameters  were  as 
follows;  In  case  of  the  composite  emitter  design,  a  Xd  of  2.33psec,  a  Xp  of  2.2psec  were  achieved  which 
leads  to  an  emitter  delay  time(XE  =  Xd  -  Xp  -  Xc’)  of  only  0.071psec;  Xc’=  CbcRc  was  in  this  case 
0.059psec.  On  the  other  hand,  the  total  delay  time  (Xd)  of  the  traditional  design  was  3psec  while  its 
forward  transit  time  (Xp)  was  1.66psec.  The  resulting  emitter  delay  time  (Xe)  for  the  traditional  design 
was  consequently  0.485psec.  These  results  indicate  that  the  emitter  delay  time  of  the  composite  design 
is  much  shorter  than  that  of  traditional  design  HBTs.  Thus  the  composite  design  leads  to  enhancement 
of  cutoff  frequency  which  in  the  case  of  the  tested  devices  is  of  the  order  of  20%.  The  Cbe  and  fp 
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dependence  on  Jc  manifests  distinct  features  for  composite  and  traditional  emitter  designs  as  shown  in 
Fig.  3  for  a  2x30(im^  single  emitter  device.  In  particular,  the  Cbe  of  composite  emitter  HBTs  is 
significantly  lower  than  that  of  traditional  designs  and  presents  a  weak  Jc  dependence.  This  feature  is 
representative  of  the  new  design  and  as  expected  from  theory  leads  to  enhanced  fr  performance.  Best 
microwave  performance  for  composite  emitter  HBTs  was  fT=60GHz  and  fmaj[=75GHz  for  a  2x30p,m^ 
emitter  geometry.  In  summary,  we  have  applied  CBE  growth  technology  using  TBA/TBP  precursors  to 
the  demonstration  of  self-aligned  composite  emitter  AlGaAs/GalnP  designs  and  showed  the  superior 
properties  of  such  designs  for  reduced  emitter-base  capacitance  and  enhanced  fr  performance. 


(a)  (b) 

Fig.  3.  Comparison  of  Cbe  and  fr  of  the  composite  emitter  design  (a)  and  the  traditional  emitter 
Design  (b)  HBTs. 
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Abstract 

Saturation  charge  storage  effects  can  degrade  bipolar  transistor  performance  for  both  analog  and 
digital  applications  in  which  the  base-collector  junction  can  become  forward-biased.  In  this  work,  we  have 
measured  the  saturation  charge  storage  time  of  GaInP/GaAs  HBTs  with  GaAs  and  GalnP  collectors,  and 
have  shown  that  there  is  a  significant  reduction  in  the  charge  storage  for  the  GalnP  case  (DHBTs). 
Krakauer’s  method  was  used  to  measure  the  charge  storage  time.  This  work  illustrates  that  DHBTs  are 
promising  devices  for  circuits  in  which  transistor  saturation  occurs.  For  these  applications,  the  devices  also 
benefit  from  low  offset  voltage  and  high  breakdown  voltage  associated  with  the  GalnP  collector. 

1.  Introduction 

Charge  storage  effects  can  degrade  the  performance  of  bipolar  transistor  for  both  analog  and  digital 
circuit  applications  when  the  transistor  is  used  as  a  switching  device.  In  the  “on”  condition,  the  voltage  drop 
across  the  load  impedance  forces  the  collector  voltage  to  fall  below  the  base  voltage,  forward-biasing  both  the 
base-collector  and  the  base  emitter  junction,  and  injecting  holes  into  both  the  neutral  collector  and  the  neutral 
emitter  region.  To  turn  the  transistor  “off,”  the  minority  carriers  injected  into  the  collector  (“stored  charge”) 
must  first  be  dissipated  through  external  circuitry  or  through  recombination.  In  this  work,  we  have  measured 
the  recovery  time  of  GaAs-based  HBTs  using  Kraukauer’s  method.  We  show  that  the  use  of  GalnP  collectors 
dramatically  reduces  the  charge  storage  effect. 

2.  Charge  Storage  Effects  and  Reduction  Method 

When  the  base-collector  junction  of  an  HBT  becomes  forward-biased,  minority  earner  concentrations 
increase  from  their  equilibrium  values.  This  corresponds  to  the 
build-up  of  excess  electrons  in  the  base  of  the  device,  and  excess 
holes  in  the  quasi-neutral  collector.  In  general,  the  excess 
minority  carrier  charge  in  the  base  is  much  smaller  than  that 
stored  in  the  collector,  since  the  base  is  highly  doped,  and  is  thin. 

The  build-up  of  minority  carrier  charge  in  the  collector  can 
subsequently  prevent  the  junction  voltage  from  changing  rapidly 
after  the  sudden  application  of  a  reverse  bias. 

A  common  method  to  prevent  charge  storage  is  to 
connect  a  schottky  diode  across  the  base-collector  junction.  The 
schottky  diode  turns  on  before  the  base-collector  diode, 
preventing  charge  storage  in  the  base  collector  junction. 

However,  schottky  barrier  diode  would  increase  capacitance,  reduce  breakdown  voltage,  and  increase  area. 

One  other  way  to  reduce  the  charge  storage  is  to  block  the  hole  injection  into  the  lightly  doped  n  region 
(collector).  This  can  be  achieved  by  the  application  of  heterojunctions[l],  by  using  a  material  for  the  collector 
having  a  bandgap  larger  than  that  of  the  base.  The  wide  bandgap  collector  has  the  same  function  as  the  wide 
bandgap  emitter  of  an  HBT,  that  is,  it  creates  a  potential  barrier  for  hole  injection  which  is  larger  than  the 
corresponding  barrier  in  the  conduction  band  that  governs  electron  flow. 

The  hole  concentration  at  the  collector  edge  of  the  B-C  depletion  region  can  be  expressed  as 
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Fig  1.  Band  diagram  of  DHBT 
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/’n  =PnOexp(— )  (1) 

where  V  is  the  potential  difference  between  the  quasi-fermi  level  for  the  p  type  and  the  n-type  regions  (equal  to 
the  applied  junction  voltage),  and  pno  is  the  equilibrium  hole  density  in  the  collector.  Pno  is  related  to  the 
intrinsic  carrier  concentration  ni  of  the  collector  and  its  doping  level  tic  through  p„o=niVnc.  With  the  use  of 
GalnP  in  the  collector  in  place  of  GaAs,  (with  a  bandgap  greater  by  AEg=0.45eV),  the  value  of  nj  is  much 
lower,  which  in  turn  reduces  the  value  of  p„  by  a  factor  of  exp(-AEg/kT). 

3.  Device  Structures 

The  HBTs  and  DHBTs  were  fabricated 
with  MOCVD  grown  material  from  Kopin 
Corporation.  The  layer  structures  are  shown  in 
figure  2.  The  wide  bandgap  of  the  DHBT 
provides  the  desired  blocking  of  the  hole 
injection  into  neutral  collector.  The  collector 
is  designed  such  that  the  conduction  band  is 
pulled  down  by  the  undoped  GaAs  setback 
layer  and  the  heavily  doped  GalnP  layer, 
thereby  minimizing  the  potential  barrier 

associated  with  the  conduction  band 
discontinuity  between  GalnP  and  GaAs  [2][3]. 

The  use  of  the  GalnP  collector  also  provides  for  higher  breakdown  voltage,  because  of  its  lower  impact 
ionization  coefficients  at  a  given  electric  field  [4]. 

Devices  used  for  this  study  had  emitter  dimensions  of  5  x  12  pm^  and  base-collector  junction 
dimensions  of  15  x  22  pm^. 

4.  Device  DC  and  AC  characteristics 

The  devices  made  exhibit  DC  common  emitter  curves  as  shown  in  fig.3.  The  IV  curves  illustrate  low 
offset  voltages  for  the  DHBTs,  which  indicate  that  the 
technique  used  to  reduce  the  B-C  conduction  band  barrier 
was  effective.  The  devices  exhibit  ft  and  fmax  values  of  25 
and  25  GHz,  respectively.  This  means  that  these  devices 
have  small  parasitic  capacitances  and  inductances,  making 
large  signal  analysis  more  accurate. 

5.  Measurement  Technique 

Krakauer’s  method  was  applied  to  HBTs  in  this 
work  for  the  first  time.  This  approach  consists  of  a  time- 
domain  measurement  of  a  diode’s  transient  response  to  a 
large  signal  sinusoidal  voltage  input.  By  appropriate  fitting  of 
the  observed  transients,  the  charge  storage  time  of  the  diode 
may  be  obtained.  With  subsequent  modeling  (for  example, 
within  SPICE)  the  behavior  of  the  transistor  can  be  obtained. 

The  complete  setup  of  the  measurement  is  shown  in  figure  4. 

The  base  collector  diode  is  DC  biased  near  the  turn  on  voltage  (Vd,on=1.3V,  Vdc=1.16V).  As  the 
incoming  sinusoidal  excitation  drives  the  base  voltage  in  the  positive  direction,  the  diode  turns  on  and  conducts 
forward  current.  The  forward  current  is  a  result  of  the  injected  electrons  and  holes  which  are  stored  in  the 
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Fig.3.  Measured  DHBT  Common-emitter  I-V 
characteristics 
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Fig.2.  Device  layer  structures 
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neutral  regions  of  the  base  and  collector.  As  the  input  drops  below  the  turn  on  voltage,  the  stored  charges  keep 
the  diode  turned  on  and  the  negative  going  input  voltage  causes  a  reverse  current  to  extract  the  stored  charges. 
In  the  absence  charge  storage  effect,  then  the  output  signal  is  a  half-wave  rectified  sine  wave,  as  verified  for  the 
case  of  the  Schottky  diode. 

Bias-tees  were  used  to  allow  flexibility  in  establishing  dc  bias  conditions.  In  our  data,  the  effect  of  the 

output  bias-tee  has  been  de-embedded  by  numerical 
calculation  from  the  measured  oscilloscope 
waveform. 

Analysis: 

The  complete  analysis  of  the  current  transient 
waveforms  obtained  in  HBTs  is  complex,  and  will  be 
treated  in  a  separate  publication.  A  simplified 

Fig.  4.  Saturation  charge  storage  measurement  setup  treatment,  however,  can  provide  a  semiquantitative 

understanding  of  the  relationship  between  the 
observed  transient  waveforms  and  the  charge  storage  time  of  the  diode,  in  a  manner  similar  to  the  well-known 
derivation  of  the  minority  carrier  response  to  a  step  excitation  [5].  The  minority  carrier  distributions  within  the 
collector  is  calculated  from  drift-diffusion  transport  equations.  An  approximate  solution  to  the  distributions  can 
be  obtained  assuming  sinusoidal  steady-state  distributions  during  the  period  that  the  junction  is  forward-biased, 
and  during  the  reverse-bias  period,  until  the  time  at  which  the  junction  minority  carrier  density  drops  to  zero. 
Subsequently,  the  device  transients  are  controlled  by  depletion  capacitance  rather  than  minority  charge  storage. 
As  a  result  of  this  analysis,  it  is  found  that 

7^  =-^tan”'(a)T)  (2) 

2a 

where  Tj  is  the  duration  of  the  negative  recovery  transient,  x  is  the  recombination  time  of  minority  carriers 
within  the  collector,  and  co  is  the  angular  frequency  of  the  sinusoidal  input  signal.  This  simple  result  embodies 
some  approximations,  including  the  following: 

1)  the  current  waveform  is  taken  to  be  strictly  sinusoidal  (while  in  the  experiment,  the  device  voltage  is  more 
accurately  sinusoidal). 

2)  details  of  the  circuit  embedding  of  the  device  are  ignored,  and  the  effect  of  elements  such  as  B-C  depletion 
capacitance  is  omitted. 

3)  low  level  injection  has  been  assumed;  similarly,  the  finite  extent  of  the  collector  region,  and  the  possibility 
of  built-in  drift  fields  within  are  ignored. 

4)  the  junction  is  taken  to  be  effectively  one-sided,  and  all  the  current  (in  both  forward  and  reverse  directions) 
flows  due  to  hole  diffusion. 

The  total  minority  charge  storage  in  the  collector  for  a  one-sided  junction  is  of  the  order  of  Imaxt-  For  a 
more  realistic  situation  in  which  the  total  current  flow  has  contributions  from  hole  diffusion,  electron  diffusion 
in  the  base,  and  recombination  in  the  space-charge  region,  the  hole  storage  is  given  by  ylmaxti  where  y  is  a 
factor  describing  the  fraction  of  the  total  forward  current  contributed  by  hole  diffusion  in  the  collector. 

Measurement  Results 

The  measured  time  domain  responses  are  shown  in  figures  5a  and  5b.  There  is  significant  reverse 
current  (which  manifested  itself  as  a  negative  “dip”)  as  observed  in  the  rectified  sinusoidal  waveform  for  the 
SHBT  base-collector  junction  (GaAs  homojunction).  The  response  for  the  DHBT  base  collector  (GaInP/GaAs) 
heterojunction,  the  reverse  current  has  significantly  reduced  amplitude.  This  is  an  indication  of  the  reduction  in 
stored  charge.  From  the  integral  of  the  reverse  current,  the  magnitude  of  the  charge  storage  for  the  GaAs 
homojunction  can  be  estimated  to  be  at  least  20  times  the  magnitude  of  the  GaInP/GaAs  heterojunction.  Due  to 
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the  limited  resolution  of  the  oscilloscope  and  parasitic  elements  in  the  setup,  it  is  difficult  to  accurately 
determine  the  charge  storage  time  of  the  DHBTs.  However,  it  can  be  readily  seen  that  the  reduction  in  charge 
storage  effect  is  dramatic  with  a  heterojunction.  For  the  SHBT  BC  junction,  the  durations  of  the  reverse 
current  were  measured  and  plotted  against  the  magnitude  of  the  input  sinusoidal  excitation  as  shown  in  figure  6. 
The  charge 


(a)  (b) 

Figure  5.  a)  SHBT  BC  response  b)  DHBT  BC  response  to  sinusoidal  input  with  peak  to  peak  voltage  of 
250mV  to  500mV 


Storage  time  is  approximately  a  constant  at  550ps.  The  life  time  of 
the  minority  carrier  in  GaAs  then  is  approximately  1.1ns  from 
equation  (2). 

Conclusion 

The  saturation  charge  storage  has  been  measured  for  HBTs  and 
DHBTs  for  the  first  time,  using  the  Krakauer  method.  The  results 
indicate  recombination  times  of  the  order  of  1  nsec,  and  show  that 
the  total  stored  charge  is  dramatically  less  in  the  case  of  HBTs  with 
wide-bandgap  collectors.  These  results  suggest  that  DHBTs  will  be 
useful  devices  for  operation  under  conditions  of  transistor 
saturation,  for  example,  in  switching  mode  power  amplifiers. 


Input  Sinusoidal  Amplitude  [mV] 
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Abstract:  Self-aligned  AlGaAs/GaAs  Single  HBTs  were  fabricated  using  different  epilayers  with  identical 
layer  structure  and  processing  technology.  These  HBTs  manifested  different  long-term  reliability 
characteristics  despite  their  identical  device  design  and  similar  DC  characteristics.  The  low-frequency  noise 
characterization  of  these  devices  revealed  generation-recombination  centers  with  activation  energies  from  120 
meV  to  200  meV.  The  base-emitter  region  1/f  noise  of  these  devices  was  found  to  be  in  correlation  with  the 
long-term  reliability. 

I.  Introduction 

AlGaAs/GaAs  heterojunction  bipolar  transistors  (HBTs)  are  being  explored  for  a  large  number 
of  microwave  power  applications  [1][2].  Their  reliability  has  been  studied  using  bias  and  thermal 
stressing  techniques  [3]  [4].  The  technique  explored  in  this  work  is  based  on  a  possible  relationship 
between  low-frequency  noise  properties  and  HBT  reliability[5].  Recently  the  long-term  reliability  of 
HBTs  has  been  improved  to  values  comparable  to  Silicon  devices.  Using  different  methods  such  as 
Indium  co-doping  in  the  base  as  well  as  GalnP  emitter,  has  resulted  in  MTTF  values  over  10’  hours[6]. 

II.  Device  Technology  and  Electrical  Characteristics 

Single  heterojunction  self-aligned  AlGaAs/GaAs  HBTs  were  fabricated  on  Metalorganic 
Chemical  Vapor  Deposition  (MOCVD)  grown  layers.  The  same  device  design  was  used  for  all  devices 
analyzed  in  this  work,  but  MOCVD  materials  of  different  origin  were  employed  for  comparison. 
Identical  technology  was  used  for  HBT  processing  to  minimize  the  influence  of  technology  on 
reliability  characteristics.  The  DC  analysis  of  8  finger  2.5  (im  x  20  pm  HBTs  revealed  a  current  gain 
ifi)  of  30  and  very  similar  Gummel,  P  vs.  Ic  and  Ic-Vce  characteristics  independent  of  layer  used.  The 
microwave  analysis  of  HBT  characteristics  revealed  f^  and  f^  values  of  60  and  100  GHz, 
respectively. 

The  HBTs  were  subjected  to  bias  and  temperature  stress  to  evaluate  their  long-term  reliability. 
The  stress  test  was  performed  under  25  kA/cm’  and  125  °C  junction  temperature  using  20% 
degradation  in  current  gain  as  criterion  for  reliability.  A  median  time  to  failure  (MTTF)  of  100  hours 
(low-reliability  devices)  to  10’  hours  (high-reliability  devices)  was  evaluated.  The  degree  of  device 
reliability  appeared  to  depend  on  the  choice  of  material  used  for  fabrication. 
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Fig.  1:  Base  noise  of  HBTs  with  different  emitter  geometry.  Results  permit  investigation  of  P/A  influence  on  noise. 


III.  Low-Frequency  Noise  Characterization 

Low-frequency  noise  tests  were  performed  using  an  HP3561A  dynamic  signal  analyzer  and  a 
system  with  specially  made  bias  networks  to  minimize  the  influence  of  external  components  on  noise 
measurement  [7].  Tests  of  low  and  high-reliability  HBTs  were  performed  on  38  devices  under 
different  bias  conditions.  The  devices  were  also  measured  under  variable  temperature  conditions  in 
order  to  study  the  presence  of  generation-recombination  noise  and  traps  associated  with  it. 

The  origin  of  1/f  noise  was  first  investigated  by  studying  several  devices  with  the  same  emitter 
area  but  different  perimeter  to  area  ratio  (P/A).  No  geometry-dependence  was  observed  for  the  base 
low-ffequency  noise  as  shown  by  Fig.  1.  The  same  observation  was  also  made  for  collector  noise. 
Therefore,  it  was  concluded  that  the  origin  of  the  low-frequency  noise  of  these  HBTs  is  not  related  to 
surface  effects.  These  observations  are  in  agreement  with  long-term  reliability  tests,  which  show  no 
particular  dependence  on  P/A. 

Fig.  2  shows  the  collector  noise  spectral  density  of  stressed  and  unstressed  low  and  high- 
reliability  HBTs.  The  collector  voltage  Vce  was  3  Volts  and  the  collector  current,  Ic  was  set  to  0.5  mA 
and  10  mA.  The  base  was  grounded  with  a  large  capacitor  to  eliminate  the  base  noise  current.  The 
collector  noise  observed  in  these  devices  has  a  1/f  noise  component  with  a  relatively  low  comer 
frequency  (fcomer)  (1  kHz  <fcomer  <  10  kHz  for  low-reliability  HBTs  and  200  Hz  <fcomer  <  1  kHz  for 
high-reliability  HBTs).  The  results  of  Fig.  2  show  that  the  magnitude  of  the  1/f  noise  component 
increases  upon  stress  for  both  low  and  high-reliability  HBTs.  However,  stress  does  not  affect  the  HBT 
collector  noise  at  higher  frequencies.  These  trends  suggest  that  the  1/f  noise  component  of  collector 
noise  spectral  density  can  be  indicative  of  the  device  quality.  Statistically,  however,  it  was  found  that 
the  collector  noise  spectral  density  of  low  and  high-reliability  HBTs  is  comparable  and  caimot 
consequently  be  used  as  a  good  measure  of  device  quality  and  reliability. 

Fig.  3  shows  the  base  noise  spectral  density  of  the  low  and  high  reliability  HBTs  measured 
before  and  after  stress.  The  bias  condition  was  Vce  =  3  Volts  and  Ib  =  50  fJA  and  250  fiA.  For  this 
measurement,  collector  was  grounded  with  a  large  capacitor  to  eliminate  any  collector  noise  current 
being  fed  back  to  the  base. 
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Fig.  2:  Collector  Noise  Spectral  Density  of  low  and  high-reliability  HBTs  before  and  after  stressing. 
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Fig.  3:  Base  Noise  Spectral  Density  of  low  and  high-reliability  HBTs  before  and  after  stressing. 

In  both  low  and  high-reliability  HBTs,  stress  application  increases  the  base  noise  spectral 
density.  This  increase  is  much  more  pronounced  at  higher  base  currents  as  shown  by  the  results  of 
Fig.  3.  Another  important  observation  is  that  the  high-reliability  HBTs  show  significantly  lower  base 
noise  than  low-reliability  HBTs.  In  fact,  the  average  base  noise  spectral  density  of  high-reliability 
HBTs  was  found  to  be  more  than  one  order  of  magnitude  lower  than  that  of  low-reliability  HBTs  at/= 
10  Hz.  This  establishes,  for  the  first  time,  a  significant  selection  criterion  namely  the  correlation  of  the 
base  noise  of  AlGaAs/GaAs  single  HBTs  to  their  long-term  reliability  characteristics.  On  the  other 
hand,  as  explained  earlier  on,  the  collector  noise  does  not  show  any  significant  correlation  with  the 
HBT  long-term  reliability. 

Low-temperature  base  and  collector  noise  characterization  was  also  performed  on  low  and 
high-reliability  HBTs.  These  tests  were  performed  before  and  after  stress  application  to  permit  a  study 
of  traps  as  a  function  of  stress.  Base  and  collector  noise  at  different  temperatures  were  plotted  in 
Arrhenius  plots  to  find  activation  energies  of  base-emitter  and  base-collector  trap  centers,  respectively. 
For  stressed  and  unstressed  low-reliability  HBTs,  collector-base  activation  energies  of  120  meV  and 
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125  meV  were  found,  respectively.  Stressed  and  unstressed  low-reliability  HBTs  had  base-emitter 
activation  energies  of  140  and  149  meV,  respectively.  High-reliability  HBTs  did  not  show  any 
significant  generation-recombination  noise  in  the  base-emitter  region  while  an  activation  energy  of 
207  meV  was  estimated  for  the  collector-base  region  of  unstressed  high-reliability  HBTs.  The 
activation  energy  of  the  latter  region  for  stressed  high-reliability  HBTs  was  estimated  to  be  about  the 
same  (202  melO.  Thus,  stress  does  not  affect  the  activation  energy  of  generation-recombination 
centers  in  the  base-collector  region  of  high-reliability  HBTs. 

The  average  trapping  time  (l)  was  evaluated  from  the  Arrhenius  plots.  It  was  found  that  'tT_3ooK 
in  the  base-collector  region  of  low-reliability  HBTs  decreased  by  an  18%  upon  stress  application.  For 
high-reliability  HBTs,  the  change  in  the  average  trapping  time  within  the  base-collector  region  was 
also  insignificant.  However,  in  the  base-emitter  region  of  low-reliability  HBTs  a  decrease  of  more 
than  two  orders  of  magnitude  occurred  in  the  average  trapping  time  at  T=300  K  due  to  stress 
application.  This  signifies  a  much  higher  density  of  traps  in  the  base-emitter  region  of  low-reliability 
HBTs  upon  stress  application.  Since  the  average  trapping  time  of  carriers  can  be  related  to  the  local 
defect  density,  the  number  of  defects  generated  in  the  base-emitter  appears  to  increase  dramatically 
upon  stress  application.  Thus,  the  defect  density  in  the  base-collector  region  does  not  vary 
significantly  with  stress  application. 

TV.  Conclusion 

In  conclusion,  the  reliability  of  single  heterojunction  AlGaAs/GaAs  HBTs  appear  to  be 
correlated  to  their  low-frequency  noise  characteristics.  The  low-frequency  noise  associated  with  the 
base-emitter  region  was  found  to  be  a  more  sensitive  parameter  than  collector  noise  for  predicting  the 
reliability  of  these  devices.  The  origin  of  the  low-frequency  noise  was  found  to  be  independent  of 
surface  effects.  The  activation  energies  of  generation-recombination  centers  estimated  from  low- 
temperature  noise  characterization  were  between  120  meV  to  200  meV.  Stress  application  did  not 
change  the  activation  energy  of  these  traps  but  resulted  in  an  increase  of  defect  density  in  the  base- 
emitter  region. 

Overall,  the  base  noise  and  the  comer  frequency  of  the  1/f  noise  appear  to  be  smaller  for  high- 
reliability  HBTs.  If  used  as  a  statistical  method,  this  technique  can  provide  a  time-saving  alternate  to 
the  bias  and  thermal  stress  reliability  tests  that  are  currently  used  in  practice  for  HBT  reliability 
screening. 
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Abstract  We  report  on  a  study  of  the  DC  characteristics  of  MOCVD-grown  AlGaAs/GaAs  HBT  structures 
with  C-doped  (3-5E19  cm'^)  base  layers.  Analysis  of  several  series  of  AlGaAs/GaAs  HBTs  suggest  the  DC 
gain  is  dependent  upon  base  current  only,  and  that  the  base  current  is  largely  limited  by  bulk  recombination  in 
the  neutral  base.  As  part  of  this  study,  we  have  obtained  DC  gains  of  -  250  (@  IkA/cm^)  at  a  base  sheet 
resistance  of  330  Ohms/square,  which  we  believe  is  the  highest  DC  gain  ever  observed  for  an  AlGaAs/GaAs 
HBT  at  this  base  sheet  resistance.  Proportionally  high  DC  gains  have  also  been  realized  in  HBTs  with  base 
sheet  resistance  values  as  low  as  1 15  Ohms/square. 


1.  Introduction 

The  DC  gain  of  large  area  heterostructure  bipolar  transistors  (HBTs)  is  an  important  figure  of  merit 
reflecting  the  material  quality  of  the  requisite  epitaxial  layers  [1].  To  reduce  series  resistance,  which 
can  degrade  RF  performance,  it  is  desirable  to  maintain  or  enhance  DC  gain  while  decreasing  base 
sheet  resistance  (Rsb).  Examination  of  the  literature  suggests  that  gain  instead  decreases  with  Rsb- 
Moreover,  the  DC  gain  of  AlGaAs/GaAs  HBTs,  measured  from  large  area  devices,  can  vary 
substantially  at  any  given  Rsb  value  in  the  100  to  350  Ohms/square  range  (Figure  1).  While  part  of  this 
variation  may  be  due  to  differences  in  the  collector  current  at  which  the  gain  is  obtained,  we 
demonstrate  in  this  work  that  a  significant  part  of  this  variation  in  gain  at  fixed  Rsb  can  also  be  due  to 
differences  in  the  material  quality  of  the  base  layer  and  its  interfaces.  By  optimizing  the  growth 
parameters,  we  have  improved  the  DC  gain  of  several  basic  AlGaAs/GaAs  HBT  structures  by  over 
30%,  compared  to  control  samples  at  a  fixed  base  sheet  resistance.  The  observed  improvements  in  DC 
gain  are  shown  to  be  a  result  of  a  reduction  in  base  current.  The  base  current,  in  turn,  behaves  as  if  it  is 
limited  by  bulk  recombination  in  the  neutral  base. 

2.  Experiment 

The  MOCVD-grown  HBT  structures  described  in  this  work  consist  of  a  Si-doped  GaAs  subcollector 
and  collector,  C-doped  base.  Si-doped  Alo.25Gao.75As  emitter,  and  a  Si-doped  GaAs  emitter  contact 
with  an  Ino.5Gao.5As  cap.  In  one  growth  matrix,  a  series  of  HBT  stmctures,  differing  only  in  the 
thickness  of  the  carbon-doped  (4E19  cm'^)  base,  were  grown  under  three  different  conditions  (hereafter 
labeled  Series  A,  B,  and  C).  In  this  set,  the  growth  time  of  the  base  layer  was  adjusted  to  target  Rsb 
values  of  115,  200,  250,  300,  and  350  Ohms/square,  corresponding  to  thicknesses  of  approximately 
1550,  875,  700,  575,  and  500  A.  In  a  second  matrix,  the  base  thickness  was  fixed  at  700  A  and  the 
doping  level  was  varied  between  2.9  and  4.6E19  cm'^  under  standard  growth  conditions  (Series  D). 

After  growth,  a  quarter  of  each  as-grown  4”  wafer  was  processed  into  large  area  devices  (75  pm  x  75 
pm).  Gummel  plots  were  obtained  using  an  HP  4145B  Semiconductor  Analyzer,  and  the  gain  was 
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Figure  1.  DC  gain  of  large  area  devices  versus  base  sheet  resistance  from  this  work  (Series  A-D)  and  the  literature  [3-10]. 
In  cases  where  the  base  sheet  resistance  was  not  measured  (*),  Rsb  was  estimated  from  quoted  base  thickness  and  doping 
levels.  The  gain  is  reported  at  a  variety  of  different  collector  currents,  but  presumably  represents  near  maximum  values. 
The  lines  represent  fits  to  Series  A,  B  plus  D,  and  C. 


extracted  at  a  collector  current  corresponding  to  1  kA/cm^.  The  base  sheet  resistance  was  determined 
both  from  TLM  measurements  and  a  cross  pattern.  We  believe  the  cross  pattern,  in  which  current  is 
driven  between  two  adjacent  contacts  and  the  voltage  measured  across  the  other  two,  gives  a  more 
accurate  measurement,  and  we  report  these  values  here.  Typically  the  TLM  measurements  are  5% 
lower  than  the  cross  measurements.  The  base  current  at  a  forward  bias  of  Vbe  =  1.75  V  was  also 
analyzed  as  a  function  of  base  thickness,  doping  level,  and  growth  series. 

In  an  attempt  to  probe  the  minority  carrier  properties  of  the  base,  the  minority  carrier  mobility  of  the 
1550  A  base  samples  was  obtained  via  a  magnetotransport  measurement  [2].  Secondary  ion  mass 
spectroscopy  (SIMS)  and  double  crystal  x-ray  diffraction  (DCXRD)  spectra  were  also  obtained  to 
further  elucidate  the  role  of  impurities  and  residual  strain  on  the  minority  carrier  lifetime  in  the  base. 

3.  Results 

Examination  of  the  literature  suggests  that  a  publication  by  Wang  et  al.  sets  the  standard  for  DC  gain 
from  large  area  AlGaAs/GaAs  HBTs  doped  in  the  1  to  4E19  cm‘^  range  [3].  While  similar  results  have 
since  been  achieved  at  other  laboratories,  to  the  best  of  our  knowledge  the  gains  reported  by  Wang  et 
al.  have  not  been  surpassed.  In  addition  to  results  reported  by  other  laboratories  [3-10],  Eigure  1  shows 
the  variation  in  DC  gain  with  base  sheet  resistance  of  identical  HBT  structures  grown  recently  at  Kopin 
under  three  different  conditions.  Series  B,  C,  and  D  replicate  many  of  the  previously  reported  results; 
the  DC  gain  of  the  control  HBTs  (Series  B  and  D)  matches  or  exceeds  all  previously  published  results 
on  high  gain  AlGaAs/GaAs  HBTs.  Series  A  results  in  a  substantial  improvement  in  gain  over  the 
entire  range  of  Rjb  investigated  (100  -  350  Ohms/square). 
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Figure  2.  Gummel  plots  from  three  HBTs  with  Rjb  of  350  Ohms/square 
from  Series  A,  B,  and  C. 


As  seen  in  Figure  2,  the  increase  in  gain  results  from  a  reduction  in  the  base  current.  The  collector 
current  is  essentially  unaffected  by  the  growth  conditions,  having  an  ideality  factor  near  1.1  in  all  cases 
and  a  tum-on  voltage  of  roughly  1.125  volts  (@  t  =  100  ^A).  However,  the  base  current  for  the  350 
Ohms/square  HBTs  decreases  from  832  |iA  in  Series  C  to  429  iiA  (@  Vbe=  -1.75V)  in  Series  A.  Note 
also  that  the  base  current  moves  from  a  low  current  density  regime  in  which  the  current  is  limited  by 
space-charge  recombination  (n=1.8)  to  a  higher  current  density  regime  in  which  neutral  base 
recombination  can  dominate  (n=1.38  to  1.53)  [11].  In  the  high  current  density  regime,  the  base  current 
of  the  lower  gain  series  (Series  A,  B,  and  D)  varies  linearly  with  thickness  and  doping.  A  linear  fit  of 
base  current  as  a  function  of  thickness  does  not  work  as  well  for  Series  A. 

4.  Discussion 

At  the  advent  of  the  widespread  use  of  MBE  and  MOCVD  for  the  growth  of  high  quality  IH-V 
epitaxial  layers,  Kroemer  proposed  that  the  gain  of  heavily  doped  ni-V  HBTs  at  high  current  densities 
would  be  limited  by  bulk  recombination  in  the  base  [12].  This  assumption  suggests  that  the  minority 
carrier  diffusion  length  in  the  base  is  on  the  order  of  the  base  width  (Wb)  rather  than  much  larger  than 
Wb  as  typically  assumed  in  Si  BJTs,  and  leads  to  the  following  gain  behavior: 

P  ~  1/Jb  ~  X/Wb 

where  Jb  is  the  base  current  density  and  x  is  the  base  minority  carrier  lifetime.  If  the  minority  carrier 
lifetime  is  limited  by  trap  recombination  (i.e.  Sah,  Noyce,  and  Shockley)  rather  than  Auger 
recombination,  then  x  is  expected  to  be  inversely  proportional  to  trap  density,  which  is  in  turn 
proportional  to  the  carrier  concentration  in  the  heavily  doped  base  layers.  Thus  we  expect  the  gain  to 
be  directly  proportional  to  the  base  sheet  resistance  in  the  regime  where  gain  is  limited  by  bulk 
recombination  via  traps.  Despite  the  improvements  in  MOCVD  and  MBE  growth  over  the  past  15 
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years,  it  appears  the  gain  of  heavily  doped  (4E19  cm"’)  AlGaAs/GaAs  HBTs  is  still  limited  by  bulk 
recombination  in  the  neutral  base,  tis  Kromer  originally  predicted.  As  shown  in  Figure  1,  a  linear  fit  of 
gain  as  a  function  of  Rsb  matches  very  nicely  for  Series  C,  and  reasonably  well  for  Series  B  and  D. 
However,  the  high  gains  achieved  with  Series  A  definitely  begin  to  exhibit  a  non-linear  behavior.  This 
non-linear  behavior  suggests  that  in  Series  A  the  trap-limited  diffusion  length  has  finally  increased 
enough  that  other  mechanisms,  such  as  space-charge  recombination,  may  also  begin  to  play  a  role  in 
limiting  the  gain. 

Preliminary  magnetotransport  measurements  are  consistent  with  the  suggestion  that  the  observed 
improvements  in  DC  gain  result  from  improvements  in  the  diffusion  of  minority  carriers  across  the 
base.  The  room  temperature  minority  carrier  mobility  (measured  at  the  University  of  Illinois)  increases 
linearly  from  2246  cm^A^s  under  Condition  C  to  2320  cm^A^s  under  Condition  A.  The  physical 
differences  (e.g.  impurity  levels,  strain  state,  native  defect  densities)  leading  to  the  improved  minority 
carrier  lifetime  have  yet  to  be  determined.  SIMS  analysis  of  the  C,  Si,  H,  N,  Te,  O,  In,  and  A1  content 
reveals  that  the  impurity  levels  are  the  same  in  HBTs  grown  under  all  three  conditions.  This  SIMS 
analysis  also  confirms  that  the  carbon  concentration  is  4E19cm‘^,  and  that  it  is  constant  across  the 
entire  width  of  the  base.  DCXRD  spectra  of  the  as-grown  HBTs  exhibit  a  shoulder  on  the  right  side  of 
the  substrate  reflection  which  is  dependent  on  the  thickness  and  doping  level  of  the  base.  Spectra  of 
identical  samples  grown  under  the  three  conditions  reveal  no  significant  difference,  suggesting  that  the 
strain  state  in  the  samples  is  identical.  No  attempt  has  yet  been  made  to  measure  native  defect  densities 
(e.g.  vacancies,  interstials,  etc.). 

5.  Conclusions 

We  have  observed  that  the  DC  gain  of  MOCVD-grown  AlGaAs/GaAs  HBT  structures  with  C-doped 
(3-5E19  cm'^)  base  layers  is  controlled  by  the  base  current,  and  that  the  base  current  is  largely  limited 
by  bulk  recombination  in  the  neutral  base.  Thus  the  gain  can  still  be  enhanced  by  improving  the 
quality  of  the  base.  We  have  indeed  obtained  high  DC  gains  for  a  range  of  Rsb  values  between  1 15  and 
330  Ohms/square,  which  we  believe  are  the  highest  ever  reported. 
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Abstract.  Pd/Ge-based  ohmic  contact  behaviors  on  n-type  InGaAs  and  GaAs  were  investigated.  Good 
ohmic  contacts  were  obtained  by  rapid  thermal  annealing  up  to  400  C,  but  in  the  contact  to  n-InGaAs, 
degradation  was  observed  above  425  "C.  This  was  related  to  phase  transformation  and  atomic  redistribution. 
AlGaAs/GaAs  heterojunction  bipolar  transistors  using  this  ohmic  contact  system  showed  good  DC  and  RF 
performances,  which  were  strongly  dependent  on  the  specific  contact  resistance. 


1.  Introduction 

Heterojunction  bipolar  transistors  (HBTs)  based  on  GaAs  and  its  compounds  have  recently  received  great 
interest  for  their  applications  in  microwave  circuits  [1].  It  is  critical  that  parasitic  components  should  be 
reduced  to  fully  take  advantage  of  the  device  performance.  One  of  the  substantial  parasitic  elements  is  the 
ohmic  contact  resistance.  Although  various  contact  systems  have  been  developed,  further  researches  and 
improvements  are  still  necessary  to  keep  pace  with  the  developments  in  the  novel  devices.  Pd/Ge-based 
system  has  been  investigated  as  an  ohmic  contact  mainly  on  n-GaAs  [2,3].  It  has  been  understood  that 
contact  resistance  is  lowered  due  to  an  increase  in  doping  level  at  the  metal/n-GaAs  interface  by  substitution 
of  the  Ga  vacancies  with  the  in-diffused  Ge  atoms.  Moreover,  it  was  reported  that  its  penetration  depth  after 
annealing  is  as  small  as  several  hundreds  A,  and  it  shows  a  planar  contact  interface  and  a  smooth  surface 
morphology.  It  is  believed  that  a  similar  phenomenon  would  occur  on  n-InGaAs,  but  there  is  little 
information  on  the  Pd/Ge-based  ohmic  contact  to  n-InGaAs  and  its  annealing  temperature  dependence. 
In  this  study,  Au/Ni/Au/Ge/Pd  ohmic  contact  on  n-InGaAs  was  investigated  and  compared  with  that  on  n- 
GaAs,  and  its  effect  on  the  performance  of  HBT  was  also  analyzed. 

2.  Ohmic  Contacts 

Ohmic  contact  materials,  Pd(400A)/Ge(300A)/ 

Au(600A)/Ni(500A)/Au(900A)  were  deposited 
sequentially  on  both  n-InGaAs  (800A  doped  with 
IxlO’’ cm'’ Si)  and  n-GaAs  (lOOOA  doped  with 
3.7x10'*  cm"’ Si)  by  an  electron  beam  evaporator, 
and  ohmic  contact  patterns  were  made  by 
conventional  lift-off  technique.  They  were  carried 
out  by  the  rapid  thermal  annealing  (RTA)  process 
in  N2/H2  forming  gas  atmosphere  at  various 
temperatures  for  10  seconds.  The  standard  trans¬ 
mission  line  method  (TLM)  was  used  to  measure 
the  specific  contact  resistance.  Figure  1  shows 


Fig.  1  Variation  of  the  specific  contact  resistance  with 
RTA  temperature. 
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the  RTA  temperature  dependence  of  the  specific  contact  resistance.  In  the  case  of  contact  to  n-InGaAs,  it 
showed  the  relatively  low  value  (high-lO"^  Gcm^)  even  without  annealing.  This  is  responsible  for  the  low 
barrier  height  of  metal/n-InGaAs  contact.  As  the  temperature  increased  up  to  400  °C,  the  specific 
contact  resistance  was  lowered  to  low-10''^  Qcm^.  However,  degradation  of  ohmic  contact 
characteristics  was  observed  above  425  "C.  As  for  the  contact  to  n-GaAs,  nonohmic  behavior  was 
shown  before  annealing,  but  considerable  reduction  of  contact  resistance  was  made  by  RTA.  It  has 
been  understood  that  contact  resistance  is  decreased  due  to  increase  in  doping  level  at  the  metal/n- 
GaAs  interface  by  substitution  of  Ga  vacancies  with  in-diffused  Ge  elements. 

Phase  transformations  due  to  RTA  were  investigated  by  XRD.  No  remarkable  phase  change  was 
observed  below  350  °C,  but  the  reaction  of  ohmic  metals  with  InGaAs  (or  GaAs)  or  among  ohmic  metals 
was  initiated  at  ~375  °C  so  that  a  little  phase  transitions  were  observed.  Significant  phase  transformations 
were  generated  at  425  °C  and  various  compounds  were  produced  as  seen  in  Fig.  2.  It  is  believed  that 
formation  of  PdjGaj  and  AuGa  phases  helps  Ge  atoms  to  substitute  Ga  vacancies  and  thus  increase  in 


Fig.  3  AES  depth  profiles  of  Au/Ni/Au/Ge/Pd  contacts  to  (a)  n-InGaAs  and  (b)  n-GaAs  annealed  at  425  "C  for  1 0  s. 
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surface  doping  level  reduces  the  contact  resistance.  However,  in  the  case  of  contact  to  n-InGaAs,  the  specific 
contact  resistance  increased  at  the  temperature  higher  than  425  C .  It  is  attributed  to  the  considerable 
reaction  between  ohmic  metals  and  InGaAs,  especially  the  formation  of  Aulnj  and  PdjGaj  compounds. 
As  a  result,  InGaAs  is  changed  to  be  nonstoichiometric,  and  it  causes  higher  barrier  height  of  metal/n- 
InGaAs  contact  to  degrade  the  ohmic  contact  behavior. 

Figure  3  shows  the  AES  depth  profiles  of  Au/Ni/Au/Ge/Pd  contacts  to  n-InGaAs  and  n-GaAs.  In 
both  cases,  no  significant  diffusion  was  detected  except  a  little  interdiffusion  of  Au  and  Ge  below 
375  °C .  However,  considerable  intermixing  was  observed  at  425  °C ,  and  especially  for  the  contact  to  n- 
InGaAs.  As  shown  in  Fig.  3-a,  out-diffusion  of  In  would  degrade  the  ohmic  contact  due  to  higher 
barrier  height.  Out-diffusion  of  As  is  also  responsible  for  the  degraded  ohmic  contact  at  425  °C  because 
it  encourages  the  Ge  from  the  contact  layer  to  occupy  the  As  sites  where  it  behaves  as  an  acceptor.  It  is 
well  consistent  with  the  results  of  specific  contact  resistance  measurement  and  XRD  analysis. 

3.  Application  to  HBT 

Au/Ni/Au/Ge/Pd  ohmic  contact  system  on  n-InGaAs  was  applied  to  AlGaAs/GaAs  HBTs. 
Heterojunction  epitaxial  layers  for  the  fabrication  of  HBT  were  grown  by  metal-organic  chemical 
vapor  deposition  (MOCVD)  on  3 -inch  semi-insulating  GaAs  wafer.  They  consisted  of  an  n-AlGaAs 
emitter  doped  with  Si  at  2x10”  cm■^  a  p-GaAs  base  doped  with  C  at  3x10”  cm  ^  and  an  n-GaAs 
collector  doped  with  Si  at  2x10'^  cm■^  As  an  emitter  capping  layer,  n-InGaAs  doped  with  Si  at  1x10” 
cm'^  was  also  grown.  The  detailed  layer  structure  and  fabrication  process  of  the  HBT  were  described 
elsewhere  [4].  In  this  study,  aforementioned  Au(900A)/Ni(500A)/Au(600A)/Ge(300A)/Pd(400A) 
system  was  used  as  emitter  ohmic  contact  (actually  contacted  to  emitter  capping  layer  of  n-InGaAs), 
and  Au(800A)/Pt(300A)/  Ti(300A)/Pt(50A)  and  Au(600A)/Ti(200A)/Au(600A)/Ge(300A)/Ni(100A) 
were  deposited  as  base  and  collector  ohmic  contact,  which  are  widely  used  as  contact  systems  on  p- 
and  n-GaAs,  respectively.  After  ohmic  alloying  by  the  RTA  process,  the  effects  of  ohmic  contact 
behavior  on  the  DC  and  RF  performance  of  the  HBT  were  investigated. 

In  our  previous  work  [5],  the  specific  contact  resistances  of  both  base  and  collector  were  not 
significantly  changed  with  RTA  temperature  up  to  450  “C  unlike  the  case  of  emitter  ohmic  contact. 
Thus,  it  is  expected  that  the  performance  of  HBT  employing  these  ohmic  contact  schemes  would  be 
mainly  dependent  on  the  variation  of  emitter  contact  resistance  with  RTA  temperature.  Common  emitter 


Fig.  4  Performance  of  1.5x10  |jm^  AlGaAs/GaAs  HBT,  (a)  Common  emitter  1-V  characteristics  (b)  Gummel  plot  (c) 
Frequency  response  of  current  and  maximum  available  gains  (V„=1.5  V,  T=12.9  mA). 
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current-voltage  characteristics  (Fig.  4-a)  and  Gummel  plot  (Fig.  4-b)  of  the  HBT  with  emitter  size  of 
1.5x10  pm^  were  examined,  and  a  good  DC  performance  was  achieved.  The  ideality  factors  were 
changed  with  RTA  temperature  and  the  minimum  values  of  ni,(1.51)  and  nj(1.16)  were  observed  in 
the  HBT  armealed  at  375  °C  for  10  seconds.  RF  performance  of  HBT  was  also  examined  and  the 
results  are  shovra  in  Fig.  4-c.  The  maximum  values  of  cutoff  frequency  and  maximum  oscillation 
frequency  of  the  HBT  annealed  at  375  C  were  obtained  to  be  65  GHz  and  42  GHz,  respectively. 
However,  both  frequencies  were  reduced  to  be  55  GHz  and  33  GHz,  respectively,  by  higher 
temperature  annealing.  It  is  confirmed  that  RF  performance  of  the  HBT  is  strongly  dependent  on 
Pd/Ge-hased  ohmic  contact  behaviors  with  RTA  temperature.  Therefore,  it  is  critical  to  make  reliable 
and  low-resistance  Pd/Ge-based  ohmic  contacts  to  apply  to  high  speed  devices. 

4.  Conclusion 

Au/Ni/Au/Ge/Pd  ohmic  contact  system  on  n-InGaAs  and  n-GaAs  was  studied.  In  the  case  of  n-InGaAs, 
it  showed  a  relatively  good  ohmic  behavior  even  without  annealing  due  to  lower  barrier  height,  and  a 
better  ohmic  contact  was  obtained  by  RTA  up  to  400  “C .  However,  above  425  “C  it  was  deteriorated  by 
intermixing  and  phase  reaction  of  ohmic  metals  and  InGaAs  substrate.  The  out-diffiision  of  In  and  As 
degraded  the  ohmic  contact  due  to  increased  in  barrier  height  and  charge  compensation.  As  for  the 
contact  to  n-GaAs,  nonohmic  behavior  was  shown  before  annealing,  but  significant  reduction  of 
specific  contact  resistance  was  made  by  RTA.  Au/Ni/Au/Ge/Pd  ohmic  contact  system  on  n-InGaAs 
was  applied  to  AlGaAs/GaAs  HBT.  The  HBT  utilizing  this  ohmic  scheme  showed  a  acceptable 
performance  and  it  depended  strongly  on  the  ohmic  contact  characteristics  with  RTA  temperature. 
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Abstract.  We  report  the  experiments  that  were  performed  to  investigate  the  alloying  temperature 
dependence  of  Au/Pt/Ti/WN„  ohmic  contacts  to  n-lnGaAs.  Very  low  resistance  contacts  (10  *  -  10  ’  Qcm’) 
were  obtained  after  RTA  at  the  temperatures  from  250  to  450°C.  It  was  observed  from  XRD  and  AES 
analyses  that  there  were  no  remarkable  phase  transformations  for  the  contact  system  subjected  to  heat 
treatments.  When  Au/Pt/Ti/WN,  ohmic  contacts  were  applied  to  AIGaAs/GaAs  HBTs,  moderate  DC  and  RF 
performances  were  also  achieved.  It  is  believed  that  these  ohmic  schemes  can  be  used  as  stable  and  low 
resistance  contacts  for  high  temperature  HBT  applications. 


1.  Introduction 

Compound  semiconductor  heterojunction  bipolar  transistors  (HBTs)  have  been  acknowledged  as  potential 
devices  for  mm-wave  and  microwave  applications  [1].  It  is  very  critical  to  obtain  the  thermally  stable,  low 
resistance  ohmic  contacts  to  realize  high-speed  and  high-frequency  devices.  Due  to  its  low  bamer  height, 
InGaAs  has  been  often  used  as  a  capping  layer  for  obtaining  the  low  resistivity  ohmic  contact  of  high 
performance  electronic  devices.  This  low  barrier  height  on  heavily  doped  InGaAs  makes  various  non- 
alloyed  ohmic  contacts  possible  [2,3].  It  has  been  reported  briefly  by  Shantharama  et  o/.[4]  that 
Pd/AuGe,  Ti/Pt/Au,  AuBe/Pt/Au,  and  Au/SnAu  ohmic  metals  are  suitable  for  n-type  InGaAs.  In 
addition,  a  moderately  low  specific  contact  resistance  (p^)  of  1.3  x  10'^  Qcm’  was  obtained  using  a 
refractory  W  metal  contact  to  n-type  InGaAs[5]  .There  are  few  reports  on  WN^  ohmic  contact  to  n-type 
InGaAs  for  HBT  application,  even  though  it  has  been  widely  used  as  a  gate  metal  of  MESFET  or 
HEMT  due  to  the  high  Schottky  barrier  height  and  low  stress,  In  this  paper  we  have  .investigated  the 
alloying  temperature  dependence  of  Au/Pt/Ti/WN,  ohmic  contact  to  heavily  doped  n-InGaAs  and 
successfully  applied  it  to  fabricate  an  AlGaAs/GaAs  HBT  for  high  temperature  operation. 

2.  Experiment 

HBT  epi-layer  structures,  prepared  by 
MOCVD  on  a  3-inch  semi-insulating 
Ga.As  substrate,  include  an  InGaAs 
emitter  cap  layer  (800A),  an  AlGa.As 
emitter  layer  (2000A),  a  carbon-doped 
GaAs  base  layer  (700A),  and  a  GaAs 
collector  layer  (4000A),  as  shown  in 
Table  1.  Ohmic  contact  materials,  WN^ 

(1200A)  and  Ti/Pt/Au  (500A/200A/ 

1300A),  were  deposited  sequentially  on  n- 
InGaAs  by  a  sputter  and  an  electron  beam 
evaporator,  respectively. 


Table  1 .  AlGaAs/GaAs  HBT  epi-layer  structures. 


Layer 

Thick. 

Doping 

Al(ln) 

(A) 

(cm-’) 

Fraction 

Cap 

n‘-lnGaAs 

400 

1x10'’ 

0.5 

n'‘-lnGaAs 

400 

IxlO” 

0  -*0.5 

n'-GaAs 

1000 

4x10'* 

Emitter 

n-AlGaAs 

500 

5x10'’ 

0.3^0 

n-AIGaAs 

1500 

2x10'’ 

0.3 

Base 

p'-GaAs 

700 

3x10” 

Collector 

n -GaAs 

4000 

2x10'* 

Subcollector 

n'-GaAs 

5000 

4x10'* 
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Ti/Pt/Au  overlayers  were  patterned  by  conventional  lift-off  technique.  WN,  ohmic  contact  were  formed 
by  MERIE  (magnetically-enhanced  reactive  ion  etching)  using  SF^/CHFj  mixture  gases.  After  emitter 
and  base  mesa  etching,  Au/Pt/Ti/Pt  (800A/300A/300A/50A)  and  Au/Ti/Au/Ge/Ni  (700Al00A 
/4OOA2OOA/IOOA)  metal  layers  were  deposited  as  base  and  collector  ohmic  contacts,  respectively. 
These  ohmic  contacts  were  heat-treated  by  RTA  in  nitrogen  atmosphere  at  temperatures  ranging  from 
250°C  to  450°C  for  10  seconds.  The  standard  transmission  line  method  (TLM)  was  used  to  measure  the 
specific  contact  resistance.  The  microstructural  interactions  at  the  WN,/InGaAs  interface  were  analyzed  by 
XRD  and  AES.  Each  HBT  was  isolated  by  wet  mesa  etching  and  PECVD-SiN  film  was  deposited  for 
passivation.  Prior  to  the  first  metallization,  via-holes  were  formed  by  MERIE  using  CjFj  plasma.  And 
then  metal  interconnection  was  provided  by  Ti/Au  (500A4500A).  Finally,  the  DC  and  RF 
performances  of  fabricated  HBTs  were  studied. 

3.  Results  and  Discussions  . 


Fig.  1  shows  the  RTA  temperature  dependence  of  the 
specific  contact  resistance  of  Au/Pt/Ti/WN^  ohmic 
contact  to  n-InGaAs.  The  contact  system  exhibited 
the  relatively  low  value  (2x10'^  f2cm')  even  without 
annealing  to  enhance  the  specific  contact 
resistance.  This  is  due  to  the  low  barrier  height  of 
metal/n-InGaAs  contact.  The  lowest  contact 
resistivity  of  9.5  x  10'*  Qcm^  was  obtained  when 
the  annealing  temperature  was  increased  up  to 
400 °C.  After  annealing  above  450  °C,  its  ohmic 
performance  was  a  little  bit  degraded.  It  is 
believed  that  this  degradation  of  contact  resistivity 
is  induced  by  the  stress  increase  at  WN/InGaAs 
interface,  as  like  the  case  of  WSi/InGaAs  ohmic 
contact  in  our  previous  work  [3].  Nevertheless,  it 
maintained  the  low  specific  contact  resistances  of  ~ 
10'^  Gem’  and  smooth  surface  morphology  at  wide 
annealing  temperature  range. 

XRD  and  AES  were  used  for  the 
microstructural  analysis  of  Au/Pt/Ti/WN„  contact 
to  n-lnGaAs.  Phase  transformations  of  the  ohmic 
contact  according  to  the  RTA  were  studied  by  XRD. 
As  shown  in  Fig.  2,  no  significant  phase  changes 
were  detected  before  and  after  annealing  heat 
treatment,  because  the  refractory  WN,  layer 
prevents  any  phase  transitions  from  proceeding. 
Fig.  3  shows  the  RTA  temperature  dependence  of 
AES  depth  profiles  of  Au/Pt/Ti/WN^  contact  to  n- 


Mo/irg  Tsrrperahie  {*Q 

Fig.  1.  Variation  of  the  specific  contact  resistances 
with  RTA  temperature. 


Fig.  2.  XRD  patterns  of  Au/Pt/Ti/WN,  contact  to  n- 
InGaAs  annealed  at  various  RTA  conditions. 


InGaAs.  In  spite  of  high  temperature  annealing  up  to  450  "C,  there  was  not  any  remarkable  in-diffusion 
and/or  out-diffusion  of  such  active  element  as  indium  to  degrade  the  metal/semiconductor  interface. 
This  AES  result  is  well  consistent  with  that  of  XRD  measurement.  In  conclusion,  it  is  proved  that 
WN,;  metal  is  a  potential  candidate  as  diffusion  barrier  for  ohmic  contact  to  InGaAs. 
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Fig.  3.  AES  depth  profiles  of  Au/Pt/Ti/WN,  contact  to  n-InOaAs  annealed  at  various  RTA  temperatures  for  1 0  sec. 

Fig.  4  and  Fig.  5  show  an  optical  microscope  photograph  and  a  common-emitter  I-V 
characteristics  of  the  AlGaAs/GaAs  HBT  with  the  emitter  area  of  2(2x10  pm’),  which  was  fabricated 
using  WN,  emitter  ohmic  contact  annealed  at  400 °C  for  10  sec  and  non-self-aligned  process.  Our 
FIBT  exhibited  an  offset  voltage  of  0.26  V,  a  current  gain  (p)  of  about  55,  Also,  the  ideality  factors  of 
the  collector  and  base  currents  were  1.15  and  1 .50  from  the  Gummel  plot,  respectively. 


Fig.  4.  SEM  photograph  of  a  fabricated  Fig.  5.  Common  emitter  I-V  characteristics  of  the 
AlGaAs/GaAs  HBT  (emitter  area:  2(2.\10  pm’)).  HBT. 


Microwave  ^-parameters  were  measured  over  the  frequency  range  of  0.5  to  39.5  GHz  using  a 
HP8510B  Network  Analyzer  and  a  CASCADE  Microtech  probe  station,  in  which  the  current  gain 
(H,i)  and  maximum  available  gain  (MAG)  were  calculated  from  S-parameters.  In  Fig.  6(a),  the 
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cutoff  frequency  (fj)  and  maximum  oscillation  frequency  (f^^J  of  HBTs  were  57  GHz  and  36  GHz  at 
the  bias  condition  of  collector-emitter  voltage  (V^)  of  1.5  V  and  collector  current  (IJ  of  18  mA, 
respectively.  Fig.  6(b)  shows  the  variation  of  f^.  and  4,,  of  the  HBT  with  and  I^.  It  is  believed  that 
better  performance  will  be  obtained  if  HBTs  are  fabricated  using  the  base-emitter  self-aligned  process 
by  undercutting  of  WN^  emitter  metal. 


Frequency  (MHz) 


Collector  Current  (mA) 


(a)  (b) 

Fig.  6.  RF  performances  of  AlGaAs/GaAs  HBT  with  the  eminer  area  of  2(2x10  pm’),  (a)  frequency  response  of  current 
and  maximum  available  gains  (V„=1.5  V,  b=18.0  mA).  (b)  4  and  4^^  as  a  function  of  V„  and  4 


4.  Conclusion 

The  effects  of  RTA  on  the  Au/Pt/Ti/WN,  ohmic  contact  to  n-InGaAs  were  investigated.  Au/Pt/Ti/WN, 
contact  system  showed  the  relatively  low  specific  contact  resistances  of  -  10’’  ficm’  at  the  annealing 
temperature  range  of  250 °C  to  450 °C.  From  XRD  and  AES  analyses,  it  was  observed  that  no 
significant  phase  changes  and  diffusions  occurred  before  and  after  RTA.  When  Au/Pt/Ti/WN^  ohmic 
contacts  were  applied  to  AlGaAs/GaAs  HBTs,  moderate  DC  and  RF  performances  were  also  obtained. 
It  is  believed  that  these  ohmic  schemes  to  n-InGaAs  can  be  used  as  stable  and  low  resistance  contacts 
for  high  temperature  HBT  applications. 
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Abstract  From  the  measured  noise  data  in  a  GaAs  p-HEMT  over  a  2-18  GHz  frequency  range,  we  have 
identified  the  magnitudes  of  the  gate  and  drain  noise  sources  in  the  2-DEG  saturation  velocity  region  of  undoped 
InGaAs  channel.  Additional  gate  and  drain  noise  sources  in  the  parallel  doped  AlGaAs  channel  contribute  to  the 
overall  noise  in  p-HEMT.  We  call  this  additional  noise  the  real  space  transfer  noise. 

1.  Introduction 

Two  dimensional  electron  gas  (2-DEG)  at  the  AlGaAs/GaAs  interface  was  first  discovered  by  Dingle 
et  al.  in  1978  [1],  Utilizing  the  2-DEG  concept,  a  new  class  of  field  effect  transistor,  called  the  high 
electron  mobility  transistor  (HEMT),  was  first  demonstrated  by  Mimura  et  al.  in  1980  [2].  In  GaAs 
HEMT  or  p-HEMT  device  operation,  the  drain  current  is  mainly  carried  by  2-DEG  in  the  GaAs  or 
InGaAs  channel  under  reverse  gate  bias.  However,  some  of  the  drain  current  can  transfer  from  2-DEG 
channel  to  the  doped  channel  of  AlGaAs  layer  (called  real  space  transfer  effect)  under  forward  gate 
bias.  The  real  space  transfer  effect  in  HEMTs  or  p-HEMTs  was  first  proposed  and  device  simulated  by 
Hess  et.  al.  in  1982[3].  However,  the  noise  contribution  due  to  the  real  space  transfer  effect  was  not 
known  and  uncharacterized. 

In  this  work,  we  have  performed  microwave  noise  measurements  and  noise  modeling  of  a  0.25|Xm 
gate  length  GaAs  p-HEMTs.  From  the  measured  data,  we  have  characterized  the  gate  and  drain  noise 
in  the  saturation  velocity  region  of  2-DEG  InGaAs  channel.  The  additional  drain  noise  in  the  AlGaAs 
channel  due  to  the  real  space  transfer  effect  in  p-HEMTs  under  high  frequency  operation  is  then 
determined. 

2.  GaAs  p-HEMT  Fabrication 

The  AlGaAs/InGaAs/GaAs  p-HEMT  material  is  grown  by  molecular  beam  epitaxy  (MBE)  and  was 
purchased  from  commercial  vendors.  The  material  structure  is  composed  of  a  GaAs/AlGaAs 
superlattices  buffer,  GaAs  buffer,  InGaAs  channel  (15%  of  Indium  composition),  AlGaAs  barrier  with 
Silicon  8-doped  profile  and  an  n-GaAs  cap  layer  .  The  peak  transconductance  is  135  mS  (450  mS/mm) 
at  Ids  =  170  mA/imn  with  ft  =61  GHz.  The  pinchoff  voltage  is  Vp  =  -0.4V  for  the  p-HEMT.  For 
the  GaAs  p-HEMT,  For  comparison,  the  0.25  pm  gate  GaAs  MESFET  is  fabricated  by  direct  ion 
implant  into  LEG  GaAs  substrate.  The  peak  transconductance  is  105  mS  (350  mS/mm)  with/;  =  56 
GHz.  The  pinchoff  voltage  is  Vp  = -0.8  V  for  MESFET.  Both  devices  are  fully  passivated  by  Si  3N4. 
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3.  Microwave  Noise  Measurement  and  Modeling  Techniques 

The  measured  noise  parameters  and  S-parameters  from  2  to  18  GHz  of  the  p-HEMT  are  used  to 
extract  the  equivalent  noise  model.  Note  that  correlation  between  the  intrinsic  gate  and  drain  noise 
sources  is  provided  by  the  feedback  capacitor  Cgd-  The  extrinsic  parasitic  resistance  (Rg,  Rs  and  Rd) 
were  treated  as  thermal  noise  sources.  The  intrinsic  noise  elements  (vg  and  vd)  are  then  determined  by 

optimizing  the  model  to  fit  the  measured  noise  parameter  data  (Ftnin>  Rn>  and  Fopt).  The  contribution 
of  each  of  the  noise  sources  to  the  minimum  effective  noise  temperature  referenced  to  the  input  of  the 
device  was  then  computed  by  turning  on  the  sources  one  by  one  and  then  determining  the  effective 
noise  temperature  engendered  by  that  source  alone.  Figure  1  illustrates  the  measured  minimum  noise 
figure,  Fmin  and  associated  gain  over  a  wide  drain  current  range  (15  to  60  mA)  at  10  GHz  for  both 
GaAs  MESFET  and  p-HEMT.  Both  devices  exhibit  a  0.9  dB  noise  figure  with  11  to  11.5  dB 
associated  gain  at  10  GHz.  Figure  2  illustrates  the  intrinsic  noise  model  where  extrinsic  resistance 
such  as  Rg,  Rd,  and  Rs  are  removed. 


Figure  1 .  Noise  figure  and  associated  gain  at  Figure  2.  Intrinsic  FET  model 

10  GHz  for  GaAs  MESFET  and  p-HEMT. 


4.  Extrinsic  and  Intrinsic  Noise 

We  have  plotted  total  noise  temperature  (referenced  to  the  input  of  the  device)  of  GaAs  p-HEMT  and 
GaAs  MESFET  as  a  function  of  drain  current  at  fixed  Vjs  =  1.5V  as  shown  in  Figure  3.  In  this  case, 
the  noise  temperature  for  both  devices  is  nearly  identical  for  Ids  <  30  mA,  but  they  begin  to  have 
strongly  diverge  when  the  p-HEMT  is  under  forward  gate  bias  for  Ids  >  30  ntA. 

We  can  separate  extrinsic  noise  (lohnson  Noise)  due  to  Rs,  Rd  and  Rg  from  intrinsic  noise  as  shown 
in  Figure  4.  The  extrinsic  noise  of  GaAs  p-HEMT  is  slightly  lower  than  the  extrinsic  noise  of  GaAs 
MESFET  for  all  Ids.  The  intrinsic  noise  of  GaAs  p-HEMT  is  slightly  higher  than  the  intrinsic  noise  of 
GaAs  MESFET  for  Ids  <  30  mA  where  GaAs  p-HEMT  is  under  reverse  gate  biased.  Under  this 
condition,  the  intrinsic  noise  of  GaAs  p-HEMT  is  generated  predominately  in  InGaAs  channel.  In 
contrast,  for  Ids  >  30  mA,  the  intrinsic  noise  of  GaAs  p-HEMT  is  much  higher  than  the  intrinsic  noise 
of  GaAs  MESFET.  For  these  high  currents,  the  GaAs  p-HEMT  is  forward  biased.  The  forward  bias 
creates  a  real  space  transfer  of  carriers  from  the  undoped  2-DEG  InGaAs  layer  to  the  doped  AlGaAs 
layer.  Hence,  the  noise  is  generated  from  both  channel  for  p-HEMT  and  results  in  much  higher  noise 
than  MESFET. 
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Figure  4.  Extrinsic  and  Intrinsic  Noise 
Temperature  of  p-HEMT  and  FET 

5.  Intrinsic  Drain  and  Gate  Noise 


Figure  3.  Total  noise  temperature 
(input  equivalent)of  p-HEMT  and  FET 


In  Figure  5,  we  have  plotted  intrinsic  drain  noise  and  gate  noise  of  p-HEMT  and  MESFET.  The  gate 
and  drain  noise  sources  on  the  p-HEMT  can  be  subdivided  into  six  noise  components,  namely,  <idl> 
and  <igl>  Johnson  noise  from  ohmic  region  in  the  channel ,  <id2>  and  <ig2>  dipole  noise  source  in 
the  undoped  InGaAs  channel  and  <id3>  and  <ig3>  dipole  noise  in  the  doped  AlGaAs  channel.  The 
gate  and  drain  noise  source  in  the  MESFET  are  composed  of  4  noise  components,  namely,  <idlM> 
and  <iglM>  Johnson  noises  from  ohmic  region  in  the  channel,  <id2M>  and  <ig2M>  dipole  noise 

source  in  the  doped  GaAs  channel.  For  a  0.25  (im  gate  FET  and  p-HEMT  with  a  Vds=l-5  V,  97%  of 
the  channel  is  under  high  field  saturation  velocity  region.  [4]  Hence,  <idl>,  <idlM>,  <igl>  and 
<iglM>  can  be  neglected  for  both  devices.  The  drain  noise  in  GaAs  MESFET  is  only  due  to  the 
dipole  diffusion  noise  in  the  doped  GaAs  channel.[4] 

For  the  15mA  <  Ids  <  30  mA  (Vgs  =  OV),  the  drain  noise  of  p-HEMT  is  nearly  the  same  as  MESFET. 
Hence,  the  drain  noise  is  primarily  dominated  by  the  noise  source  from  the  2-DEG  in  InGaAs 
channel.  The  <ig2>  is  slightly  higher  than  <ig2M>  because  of  the  gate  capacitance  of  GaAs  p-HEMT 
is  larger  than  GaAs  MESfeT.  Hence,  the  capacitance  coupling  gate  noise  should  be  higher  for  GaAs 
p-HEMT. 


For  Ids  >  30  mA  where  GaAs  p-HEMT  is  under  forward  gate  biased  condition,  the  drain  noise  is 
composed  of  <id2>  from  undoped  InGaAs  channel  and  <id3>  from  doped  AlGaAs  channel. 
Obviously,  the  measured  data  in  Figure  5  indicated  that  the  noise  sources  in  AlGaAs  channel  is  much 
higher  than  the  noise  in  the  InGaAs  channel.  The  dipole  noise  generated  in  InGaAs  (15%  In)  channel 
is  nearly  the  same  as  GaAs  channel.  From  Figure  5,  the  drain  noise  temperature  of  GaAs  MESFET, 
Tnm.  can  be  determined  using  a  linear  fit  to  the  low  current  data,  where  T cm=30K  with  a  noise  slope 
of(l/3)K/mA. 

-H  =  30  fC  -4-  =  &OfC 

The  same  technique  can  be  done  for  the  GaAs  p-HEMT,  where  To=30K.  The  change  in  noise  (  Tn- 
To)  is  linearly  dependent  on  the  drain  current  difference  in  InGaAs  layer  and  also  in  AlGaAs  layer. 
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Hence,  the  amount  of  current  flow  in  InGaAs  channel  is  estimated  from  the  intercept  point  of  linear 
fit  between  15  mA  and  30  mA  as  well  as  linear  fit  between  40  mA  and  60  mA.  The  current  flow  in 
InGaAs  channel  A/*,  =  36mA ,  with  a  lower  noise  slope  of  (l/3)K/mA.  On  the  other  hand,  the  current 
flow  in  AlGaAs  channel  =  24mA,  and  has  a  higher  noise  slope  of  (5/6)  K/mA. 


T;  =  30 K  -+-  i  (36mA)  +  ^  (24mA)  =  OT-K 
3  6 


Figure  5.  Intrinsic  Gate  and  drain  Noise  Temp  Figure  6.  Intrinsic  drain  Noise  Temp 

of  GaAs  MESFET  and  p-HEMT  over  drain  current.  of  GaAs  MESFET  and  p-HEMT  over  drain  voltage 

We  have  plotted  intrinsic  drain  noise  temperature  of  p-HEMT  as  a  function  of  drain  voltage  for  a  fixed 
current  in  Figure  6.  For  a  given  Ids.  the  drain  noise  is  nearly  constant  over  IV  <  Vds  <  3.5  V.  This 
result  indicates  that  drain  noise  is  directly  propotional  to  the  magnitude  of  drain  current,  and  is  nearly 
independent  of  drain  voltage. 

6.  Conclusion 


We  have  measured  the  noise  figure  of  a  GaAs  p-HEMT  and  a  MESFET  under  forward  and  reverse 
gate  bias.  Through  the  accurate  eqivalent  noise  model  of  FET,  we  are  able  to  separate  extrinsic  and 
intrinsic  noise  sources.  Furthermore,  we  are  able  to  separate  intrinsic  gate  and  drain  noise.  We  can 
then  determin  noise  contribution  due  to  the  InGaAs  channel  and  the  doped  AlGaAs  channel.  The  noise 
associated  with  AlGaAs  channel  is  due  to  the  real  space  transfer  effect.  This  noise  can  be  as  large  as 
50%  of  total  drain  noise  under  forward  gate  biases. 
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Abstract.  Recently  InGaP/GaAs  HBTs  have  demonstrated  performance  comparable  to  AlGaAs/GaAs 
and  have  proven  to  be  well  suited  for  high-speed  and  low-noise  applications  [1-3].  Despite  the  excellent 
performance  of  InGaP/GaAs  HBTs,  continued  efforts  towards  reducing  the  delay  associated  with  the 
emitter  resistance  and  capacitance  are  required.  To  help  minimize  the  emitter  resistance,  PdGe  contacts 
on  n-type  GaAs  were  studied.  This  experiment  studies  the  behavior  of  the  PdGe  alloyed  on  a  hot  plate 
for  times  less  than  30  minutes  and  compares  results  to  RTA  alloys.  Also  studied  is  the  behavior  of  the 
PdGe  contacts  alloyed  in  various  ambients.  Finally,  the  issues  associated  with  performing  a  self-aligned 
emitter  etch  with  PdGe  contacts  are  also  discussed. 


1.  Introduction 

In  the  past,  GaAs  based  HBTs  often  employed  AuGeNiAu  on  a  GaAs  emitter  contacting  layer. 
However,  during  HBT  operation,  such  metalization  schemes  have  been  shown  to  be  unreliable  due  to 
Au  spiking  and  balling.  Most  modem  HBTs  employ  a  non-alloyed  TiPtAu  emitter  contact  on  a  strained 
InGaAs  contacting  layer  to  eliminate  the  possibility  of  spiking.  However  the  strained  InGaAs  causes 
difficulty  during  crystal  growth  and  during  a  self-aligned,  wet  chemical  emitter  etch. 


, 

GaAs  Emitter  Cap 
n  =  6x1Oi0 

InGaP  Emitter 
n  =  5x10i7 

Figure  1.  (a-left)  Standard  HBT  structure  with  an  InojoGaojoAs  contacting  layer  that  is  graded  to  GaAs.  (b-right)  New 
GaAs  cap  layer  with  PdGe  contacts. 

We  propose  using  a  non-spiking,  alloyed  PdGe  metalization  on  a  GaAs  cap  layer  to  prevent 
spiking  problems,  while  eliminating  the  need  for  an  InGaAs  contacting  layer.  This  study  focuses  on 
understanding  the  ohmic  behavior  and  etching  characteristics  of  electron-beam  evaporated  PdGe.  Hot 
plate  alloys  will  be  discussed  and  compared  to  RTA  results.  The  effects  of  alloy  ambient  upon  contact 
resistance  will  presented,  and  then  the  reactivity  and  etch  undercutting  of  the  PdGe  in  a  wet  chemical 
emitter  etch  will  be  discussed. 


GaAs  Emitter  Cap 
n  =  6x10^8 


InGaP  Emitter 
n  =  5x  1017 
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2.  Experiment 


The  structures  used  in  this  study  were  grown  on  a  GaAs  substrate  by  LP-MOCVD.  The  standard 
structure,  depicted  in  Figure  1  (a),  consists  of  a  3000  A  GaAs  buffer,  a  700  A  InGaP  emitter  (N  =  5  x 
10'^  cm'^),  a  1300  A  GaAs  cap  (n  =  6  x  10'®  cm  ®),  and  a  600  A  InGaAs  contacting  layer.  The 
experimental  cap  structure  shown  in  Figure  1  (b)  has  the  same  structure  up  to  the  emitter,  but  only  a  600 
A  GaAs  cap  layer  (n  =  6  x  10‘®  cm'®). 

For  a  control  sample,  mesas  were  etched  into  the  standard  structure  and  then  transmission  line 
model  (TLM)  patterned  TiPtAu  pads  were  deposited.  The  control  sample  was  first  alloyed  for  3  minutes 
at  325  °C  in  Nj.  Next,  isolated  TLM  mesas  were  fabricated  on  the  GaAs  contacting  layer,  and  then 
PdGe  was  deposited  by  e-beam  evaporation.  The  PdGe  TLMs  were  alloyed  on  a  hot  plate  in  100%  Nj, 
100%  Hj,  and  15%  H2/85%  Nj  ambients  at  various  times  and  temperatures. 

To  study  the  etch  characteristics  of  the  PdGe  on  GaAs  (under  various  alloy  conditions),  an  HBT 
emitter  metalization  was  deposited  on  the  experimental  GaAs  cap  structure.  The  resistance  of  the  contact 
to  a  wet  chemical  etchant  as  well  as  the  etch  undercutting  was  observed. 


3.  Results 


3.2  Time  and  temperature 

Most  of  the  PdGe  work  to  date  utilized  an  RTA  to  minimize  alloy  time  [4].  To  demonstrate  that  a  short 
hot  plate  alloy  can  produce  results  comparable  to  an  RTA  alloy,  this  experiment  studied  PdGe  contacts 
alloyed  on  a  hot  plate  for  less  than  30  minutes.  Figure  2  summarizes  this  data  for  a  15%  85%  Nj 

ambient  and  also  shows  data  for  a  3  minute,  350  °C  alloy  with  TiPtAu  on  a  standard  structure. 


Figure  2.  A  plot  of  specific  contact  resistivity  versus  time  at  various  temperatures  for  PdGe  in  a  15%  B.J  85%  Nj 
alloy.  Results  for  TiPtAu  on  a  standard  structure  are  included. 
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PdGe  contacts  were  not  ohmic  after  a  five  minute  alloy  at  300  °C,  but  after  15  minutes  at  300  °C 
the  PdGe  alloy  was  ohmic.  The  specific  contact  resistivity  did  not  change  significantly  after  longer  alloys 
at  this  relatively  low  alloy  temperature.  At  350  “C,  the  PdGe  formed  a  low  resistivity  ohmic  contact  after 
both  5  and  15  minute  alloys,  and  rose  sharply  after  a  30  minute  alloy.  At  both  375  °C  and  400  °C  the 
contact  resistivity  rose  sharply  with  time  immediately  after  a  5  minute  alloy.  These  data  suggest  that 
there  is  a  minimum  combination  of  time  and  temperature  necessary  for  ohmic  contact  formation.  For 
times  or  temperatures  beyond  this  threshold,  the  contact  resistance  begins  to  rise.  Also,  at  alloy 
ternperamres  above  300°C,  a  short  hot  plate  alloy  can  be  used  to  achieve  a  specific  contact  resistivity, 

«  5  X  10  ’  Q-cm’,  which  is  comparable  to  most  results  produced  by  an  RTA  alloy. 


3.2  Alloy  ambient 

The  effect  of  alloy  ambient  on  contact  resistance  was  studied,  and  Figure  3  shows  the  PdGe  behavior  for 
alloys  in  ambients  of  100%  Hj  and  100%  Nj.  The  results  show  that  for  a  given  set  of  alloy  conditions 
the  hydrogen  ambient  always  produces  the  lowest  specific  contact  resistivity.  However,  the  trend  of 
contact  resistivity  versus  time  and  temperature  are  similar  for  each  alloy  ambient. 


e 

o 

d 

o 

X 


CQ 

I 

U 

o 

C 

, 

a.  I 
00 


100%  N  Ambient 
2  — 

A 

100%  H  Ambient 


• 

300 

▲ 

450 

0 

300  - 

N2 

A 

450- 

N2 

o 


100%  N  Aroljient 

- 


100%  H  Ambient 


5  10  15  20  25 

Time  (Minutes) 


Figure  3.  A  plot  of  the  specific  contact  resistivity  versus  time  for  PdGe  at  various  temperatures  in  a  100%  Hj 
ambient.  Also  depicted  is  the  dramatic  increase  in  contact  resistance  for  an  alloy  in  a  100%  Nj  ambient  at  various 
temperatures.  For  simplicity  of  presentation,  the  data  for  the  15%  H2/  85%  N2  alloy  shown  in  Figure  3  is  not 
included  in  this  plot. 

A  5  minute  alloy  at  3(X)  °C  produced  non-ohmic  contacts  in  any  ambient.  After  10  minutes  of 
alloying,  the  Nj  ambient  produced  an  ohmic  contact  and  the  did  not.  The  10  minute  Nj  alloy  had  the 
lowest  contact  resistance  of  any  of  the  alloys,  and  a  15  minute  alloy  produced  the  lowest  contact 
resistance  for  Hj.  The  15  minute  Hj  alloy  at  300  °C  produced  the  lowest  reported  specific  contact 
resistivity  (p^<l  x  10’  f2-cm’)  of  any  alloy  methods  employed  for  PdGe  on  GaAs.  It  is  possible  that 
using  a  ambient  can  also  produce  similar  contact  resistance  to  that  of  an  Hj  ambient  if  the  alloy  time 
is  slightly  reduced. 
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3.3  Etching 

Another  important  issue  for  using  a  PdGe  HBT  emitter  contact  is  the  reactivity  of  the  contact  during  a 
wet  chemical,  self-aligned  emitter  etch.  This  study  has  shown  that  PdGe  contacts  are  very  reactive  and 
etched  easily  in  many  of  the  oxidizing  agents  and  acids  used  in  GaAs  wet  chemical  etches. 

All  of  the  HBT  emitters  that  were  alloyed  in  nitrogen  were  highly  reactive  and  were  removed  by 
the  emitter  etch.  However,  PdGe  emitter  contacts  alloyed  in  hydrogen  remained  after  the  emitter  etch  and 
are  shown  in  Figure  4.  As  seen  in  Figure  4  (a),  an  un^loyed  sample  withstood  the  etch,  but  displayed  a 
non-ideal  self-aligned  etch  profile.  After  a  2  minute  Hj  alloy,  the  emitters  displayed  excellent  undercut 
characteristics,  which  are  shown  in  Figure  4  (b).  After  6  minutes,  the  contacts  became  more  reactive  and 
the  etch  profiles  were  observed  to  be  inconsistent  across  the  sample.  One  such  emitter  contact  that 
showed  an  inconsistent  etch  profile  on  opposite  sides  of  the  same  device  is  shown  in  Figure  4  (c).  After 
a  10  minute  alloy,  the  emitters  were  all  removed  as  shown  in  Figure  5,  where  large  PdGe  alignment 
marks  have  almost  been  completely  removed.  When  fabricating  HBTs  that  employ  a  PdGe  contact,  one 
must  either  use  dry  etching  or  optimize  the  alloy  conditions  to  decrease  the  reactivity  of  PdGe  with 
various  etchants. 


Figure  4.  PdGe  HBT  emitters  after  the  GaAs  cap  and  InGaP  emitter  were  removed  in  a  self-aligned  etch,  (a  -  left) 
un-alloyed.  (b-middle)  2  minute  alloy,  (c-right)  6  minute  alloy. 


Figure  5.  A  PdGe  (10  min.  Hj)  alignment  mark  that  has  been  readily  attacked  during  a  self-aligned  emitter  etch. 


4.  Conclusion 


This  experiment  has  shown  that  PdGe  contacts  are  potentially  useful  in  HBT  applications.  A  standard 
hot  plate  alloy  can  achieve  comparable  results  to  that  of  RTA  in  very  short  alloy  times.  In  addition,  the 
ambient  alloy  conditions  were  shown  to  significantly  effect  the  alloy  behavior,  and  the  lowest  reported 
PdGe  contact  resistance  on  GaAs  was  produced.  Finally,  the  alloy  conditions  were  shown  to  have 
significant  effects  on  the  reactivity  of  PdGe  to  wet  chemical  etchants  as  well  as  the  etch  undercutting. 
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Abstract:  This  paper  presents  a  physical  model  and  experimental  validation  for  the  breakdown  process  in 
HEMTs  and  MESFETs.  The  model  is  integrated  into  a  fast  quasi-two-dimensional  physical  simulation.  The 
model  takes  account  of  the  tunnelling  effects  in  the  region  of  the  gate  metallization.  A  new  thermal  model 
monitors  the  channel  temperature  and  controls  the  tunnelling  mechanism.  The  effects  of  the  substrate 
conduction  on  breakdown  in  HEMTs  is  highlighted.  Experimental  results  are  presented  which  confirm  the 
physical  interpretations  of  the  numerical  model. 

1.  Introduction 

The  operation  of  many  high  frequency  large-signal  circuits  is  limited  by  the  device’s  breakdown 
characteristics,  restricting  the  power  output.  The  accuracy  of  the  large-signal  design  relies  on  the 
availability  of  suitable  breakdown  models.  The  popular  breakdown  theories  have  not  been  adequate 
to  independently  explain  the  full  picture  of  the  breakdown  process  in  HEMTs  and  MESFETs.  The 
relationship  between  the  physical  behaviour  and  thermal  performance  have  also  not  been  fiilly  related. 
The  effects  of  the  gate  leakage  and  substrate  conduction  on  avalanche  have  not  previously  been  fiilly 
presented.  These  issues  are  covered  in  this  paper.  It  has  been  observed  in  [1]  that  the  pattern  of  the 
MESFET  measured  DC  In-V^s  and  Vas  characteristics  has  three  distinctive  regions  with  regard  to 
avalanche  breakdown.  These  were  divided  into  pre-pinch-off,  pinch-off  and  post-pinch-off.  The  width 
of  the  active  channel  with  regard  to  depletion  and  the  high  fields  at  the  gate  edge  played  a  role  in  the 
above  divisions. 

2.  Model  Description 

The  theory  of  the  breakdown  model  is  based 
on  physical  interpretations  derived  fi'om 
measured  and  simulated  observations.  In 
contrast  to  MESFETs,  spurious  substrate 
current  occurs  in  HEMT  buffer  layers  due  to 
the  lateral  £,  field  component  [2].  This  current 
is  drawn  around  the  depleted  channel  and 
reduces  the  magnitude  of  the  fields  under  the 
gate;  this  is  expected  to  result  in  an  increase  in 
the  breakdown  voltage.  Electrons  leaking  from 
the  gate  into  the  semiconductor  using  the 
different  leaking  mechanisms  present  the 
explanation  for  the  soft  breakdown 
observation.  This  is  assumed  in  this  model  to 
always  occur  prior  to  avalanche  breakdown. 

The  extent  of  its  visible  observation  on  the  DC  characteristics  is  influenced  by  the  type  and  design 
parameters  of  the  device  under  test.  The  level  of  current  tunnelling  from  the  gate,  with  respect  to  its 
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Figure  1  Schematic  diagram  of  a  HEMT  device  showing  leaking  electrons 
into  the  2DEG  channel 
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relation  with  design  parameters  and  power  dissipation,  contributes  towards  the  build  up  of  impact 
ionization.  Figure  1  shows  a  schematic  diagram  of  a  HEMT  device  illustrating  the  leakage 
mechanisms. 

The  breakdown  model  presented  in  this  paper  places  important  emphasis  on  the  thermal  conditions  of 
the  active  channel  in  particular  and  the  device  in  general.  It  is  known  [3]  that  gate  tunnelling  and 
leakage  mechanisms  are  temperature  and  design  parameters  dependent.  The  accurate  simulation  of 
breakdown  requires,  consequently,  an  appropriate  modelling  of  the  thermal  status  inside  the  device. 

3.  Thermal  Model 

The  new  thermal  model  continuously  computes  the  channel  temperature  and  updates  the  gate  leakage 
model.  The  temperature  of  the  channel,  consequently,  stimulates  the  appropriate  gate  current  process. 
The  thermal  model  was  initially  based  on  a  uniform  channel  temperature  model  [5].  The  temperature 
in  the  channel  is  defined  as: 


(1) 


where  R,^  is  the  thermal  resistance  of  the  device,  Tchan  is  the  channel  temperature  and  Tamh  is  the 
ambient  temperature.  R,k  quantifies  the  rate  at  which  heat  propagates  through  the  device.  One  of  the 
consequences  of  the  uniform  channel  temperature  model  is  that  using  the  thermal  breakdown  model, 
the  type  of  gate  current  is  the  same  along  the  whole  of  the  gate.  In  an  actual  device,  however,  the  bulk 
of  the  heat  is  generated  near  the  drain  edge  of  the  gate.  This  has  been  shown  by  two-dimensional 
simulations  [6].  The  mechanism  of  gate  current  leakage  may  be  different  here  than  under  the  rest  of 
the  gate.  In  order  to  take  these  effects  into  account,  it  was  necessary  to  develop  a  non-uniform  channel 
temperature  model. 

3. 1  Non-uniform  channel  temperature  model 

The  non-uniform  channel  temperature  model  is  based  on  solving  the  one-dimensional  heat  flow 
equation  to  find  the  temperature  profile  along  the  channel.  Instead  of  using  equation  (1).  A  simplified 
form  of  the  heat  equation  has  been  solved  across  the  device  width: 


d  kdT 
dx  dx 


'  -0 


(2) 


Temporal  variations  of  temperature  have  been  neglected  as  the  thermal  time  constants  are  much  greater 
than  those  of  the  microwave  RF  signals.  Physically  this  corresponds  to  the  temperature  remaining 
constant  over  one  cycle  of  the  RF  signal.  This  will  be  the  case  in  the  range  1-lOOGHz  of  the  model. 
H,  is  the  heat  generation  term  which  is  modelled  by: 

-  J.E  (3) 


where  J  is  the  current  density  and  E  is  the  electric  field.  The  heat  equation  is  solved  using  a  Runge- 
Kutta  scheme  with  a  shooting  method  employed  to  ensure  that  the  temperature  reaches  the  appropriate 
gradient  at  both  the  source  and  drain  edges  of  the  device.  This  creates  a  temperature  profile  along  the 
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channel  and  the  mobility  at  a  given  position 
is  this  dependent  on  the  temperature  at  that 
point.  In  addition,  the  type  of  gate  current 
leakage  mechanism  is  now  also  dependent 
on  the  exact  temperature  at  each  node  under 
the  gate  region.  Consequently,  the  model 
now  reflects  the  fact  that  the  gate  leakage 
occurs  primarily  at  the  drain  edge  of  the 
gate.  Only  at  much  higher  field  values  does 
leakage  occur  under  the  whole  of  the  gate 
region.  Figure  2  shows  the  temperature 
profile  across  the  active  channel  of  a  HEMT. 

The  electric  field  pattern  is  also  shown.  Both 
patterns  indicate  a  maximum  value  at  the 
drain  edge  of  the  gate  as  expected. 

4.  Temperature-Dependent  Breakdown 
Model 

The  thermal  breakdown  model  is  integrated  into  the  long  standing  and  efficient  quasi-two-dimensional 
physical  model  (Q2D)  [4].  The  Q2D  model  assumes  that  carrier  transport  takes  place  predominantly 
in  a  single  spatial  dimension  (x-directed)  from  the  source  to  drain. 

4.1.  Thermally  dependent  gate  currents 

The  gate  leakage  and  tunnelling  currents  are  based  on  Padovani  [3]  equations.  These  equations  involve 
complex  functions  of  temperature,  barrier  height  and  semiconductor  parameters.  The  Thermionic-Field 
(T-F)  current  is  defined  as  [3]: 

■  AJ^exp(Ek’)  (4) 

where  A  is  gate  area,  E  applied  voltage  and  e’  is  an  energy  term  defined  in  [3].  is  the  saturation 
current  defined  in  [3]  as: 
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Figure  2  Temperature  and  electric  field  profiles  across  HEMT  active 
channel 


parameters  are,  again,  as  defined  in  [3],  Egi,  is  a  parameter  which  quantifies  the  diflEusion  potential  from 
metal  into  semiconductor.  It  was  observed  that  in  equation  (5),  the  term  qV^  under  the  square  root 
dominates  the  summation.  Therefore,  the  equation  simplifies  to: 
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which  is  a  simpler  term  integrated  into  the  model.  An  empirical  difference  limit  between  (5)  and  (6) 
was  reached  after  some  experimentation  beyond  which  the  solution  obtained  from  equation  (6)  was 
observed  to  affect  the  numerical  accuracy  of  the  tunnelling  current.  The  model  then  switches  to  the 
more  stringent  expression  of  equation  (2).  The  term  R  in  equations  (5)  and  (6)  is  Richardson  constant 
which  is  assumed  temperature  dependent.  The  field-emission  tunnelling  current  and  the  Thermionic 
leakage  current  are  as  defined  in  [3].  Temperature  and  bias  thresholds  on  the  thermal  model  of  the  Q2D 
physical  simulator  were  enforced  and  they  control  the  tunnelling  mechanism  type  for  the  thermionic, 
thermionic-field  and  field  emission  gate  currents  to  be  active. 

5.  Simulation  Results  and  Experimental  Validation 

A  O.Sum  MESFET  device  was  simulated  using  the  Q2D  model  incorporating  the  thermal  breakdown 
model.  The  result  is  shown  in  Figure  3.  The  result  is  compared  with  another  simulation  for  the  same 
device  without  the  new  model.  Soft  breakdown  characteristics  are  clearly  observed.  This  result  also 
agrees  with  experimental  results  shown  in  Figure  4.  The  HP4145A  Semiconductor  Parameter  Analyzer 
was  used  to  perform  the  DC  breakdown  characterisation. 

6.  Conclusions 

In  this  paper,  a  new  thermal  gate  breakdown  model  has  been  presented.  A  non-uniform  channel 
temperature  model  was  presented  and  integrated  with  the  breakdown  model.  The  model  is  compatible 
with  a  fast  quasi-two-diraensional  physical  device  simulator  used  in  CAD.  Measured  and  simulated 
results  of  the  DC  characteristics  of  a  I^SFET  have  compared  well. 
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In  this  paper,  we  apply  numerical  device  simulation  in  the  design  of  pseudomorphic 
HEMTs  with  improved  linearity  and  reduced  intermodulation  products  aimed  at  wireless 
communications  applications.  We  show  that  in  channel  doped  GaAs  pHEMTs  the 
introduction  of  a  p^ped  buffer  layer  significantly  improves  the  device  linearity  leading  to 
a  lOdB  suppression  of  3rd  order  distortion  over  a  wide  bias  range  with  similar  gain  when 
compared  with  a  more  standard  8-doped  GaAs  pHEMT  device. 


1.  Introduction 

In  recent  years,  there  has  been  rapid  and  sustained  growth  in  the  telecoms  industry,  especially  in 
the  field  of  mobile  communications,  as  well  as  the  emergence  of  large  potential  markets  in  the 
areas  of  wireless  local  area  networks.  The  growth  of  digital  services  such  as  fax,  video 
conferencing  and  internet  access  has  led  to  an  ever  increasing  pressure  to  maximise  the  utilisation 
of  available  bandwidth,  which  has  led  to  the  use  of  highly  efficient  modulation  schemes  together 
with  tight  chaimel  spacings.  Intermodulation  distortion  in  key  parts  of  the  radio  link  can  lead  to 
serious  degradation  of  channel  quality  resulting  in  data  loss.  A  range  of  design  techniques  exist  for 
minimising  intermodulation  distortion  in  components  such  as  amplifiers  and  mixers,  but 
performance  is  ultimately  determined  by  the  distortion  introduced  by  the  transistors  around  which 
such  circuits  are  designed.  In  this  paper,  we  use  well  calibrates  numerical  simulations  in  the  design 
of  pseudomorphic  HEMTs  with  improved  linearity  and  reduced  intermodulation  products  aimed  at 
wireless  communications  applications. 

2.  Calibration 

The  starting  point  for  the  simulation  based  design  is  a  standard  0.12  pm  gate  length  T-gate 
pHEMT  fabricated  at  the  Nanoelectronics  Research  Centre  of  Glasgow  University  [1].  The  vertical 
layer  structure  of  the  device  is  shown  in  Fig.  1.  The  free  carriers  in  the  2DEG  are  supplied  by  a  5- 
doping  layer  separated  by  a  2.5  nm  spacer  from  the  pseudomorphic  InGaAs  channel. 
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Fig.  1.  Structure  of  the  University  of  Glasgow  existing  O.llfim  gate  length  pseudomorphic 
HEMT. 

For  the  purposes  of  this  investigation,  the  drift-diffusion  module  of  the  commercial  device 
simulator  MEDICI  [2]  is  utilised.  When  compared  with  Monte  Carlo  simulations,  it  has  been 
established  that  a  well  calibrated  drift-diffusion  simulation,  including  enhanced  saturation  velocity 
in  the  mobility  model,  can  represent  accurately  the  channel  velocity  and  the  DC  characteristics  of 
deep  sub-micron  pHEMTs  [3], 

The  drift-diffusion  simulations  in  our  study  have  been  carefully  calibrated  against  Monte  Carlo 
simulations  and  the  measured  characteristics  of  0.12pm  gate  length  pHEMTs.  Typical  measured 
and  simulated  DC  output  characteristics  of  the  standard  pHEMTs  are  compared  in  Fig.  2.  The 
average  velocities  in  the  pHEMT  channel  used  in  the  drift-diffusion  simulations  are  obtained  fi'om 
Monte  Carlo  simulation. 
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Fig.  2.  Comparison  of  measured  and  simulated  DC  I-V  curves  for  the  University  of  Glasgow 
p-HEMT. 

3.  The  Improved  D  HEMT 

In  the  first  set  of  simulation  based  design  experiments,  the  6-doping  layer  in  the  conventional 
pHEMT  was  replaced  by  a  uniform  channel  doping  with  concentration  which  reproduces  the 
threshold  voltage  of  the  original  pHEMT.  In  order  to  improve  further  the  linearity,  the  threshold 
voltage  uniformity  and  to  sharpen  the  pinch  oflf,  a  p-doped  buffer  layer  was  introduced  below  the 
uniformly  doped  channel  in  the  simulations. 
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The  transconductance  with  respect  to  gate  bias  of  the  conventional,  channel  doped  and  p-buffered 
pHEMTs  are  compared  in  Fig.  3.  The  channel  doped  pHEMTs  show  flatter  gm(VGS)  response 
compared  to  the  conventional  devices.  The  introduction  of  a  p-doped  buffer  results  in  further 
improvements  in  linearity  whilst  also  extending  the  useful  gate  voltage  range. 


Fig.  3.  Simulated  transconductance  of  Conventional  and  Channel  doped  p-buffered 
pHEMTs. 


4.  Pre^cted  Nonlinear  Performance  of  the  Improved  HEMT 

The  transconductance  (gi)  data  sets  generated  by  the  physical  model  were  imported  into  a 
numerical  package  and  a  tenth  order  polynomial  was  fitted  to  each  of  the  data  sets.  By 
differentiating  the  polynomials,  it  was  possible  to  obtain  the  derivatives  g2  and  g3. 

By  making  some  simplifying  assumptions,  it  is  possible  to  use  the  derivatives  to  approximately 
cdculate  the  2-tone  3rd  order  RF  intermodulation  distortion  performance  of  each  device.  It  was 
assumed  that 

(i)  the  extrinsic  RF  transconductance  (glrf)  of  the  device  is  10%  lower  than  that  of  the  DC 
transconductance  due  to  frequency  dispersion  arising  from  trapping  effects. 

(ii)  the  RF  output  conductance  (gdsr0  of  the  device  is  10%  of  the  RF  transconductance  (as 
approximately  seen  in  real  sub-micron  devices). 

(iii)  the  load  impedance  is  sufficiently  small  that  the  nonlinear  effects  associated  with  output 
conductance  and  can  be  neglected. 

(iv)  the  amplitude  of  the  applied  signal  is  sufficiently  small  to  allow  the  use  of  a  Volterra  Analysis 
approach. 

(v)  the  applied  signal  is  clean  from  all  distortion  products 

This  leads  to  expressions  for  the  2nd  and  3rd  order  nonlinear  voltages  at  the  output 
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l+g<faf/?L 

^out(f^i Sirf^Leff^ini^  i  ) 

Kut(0>2  ±®l)  =  ^2r/-^Z^^in(®I>/«(®2) 

K„„,(2«,,  +«,,)=  0JSg^^R^V,„(<o,fVin^2) 

where  Rl  is  the  load  resistance.  Vin(fl>i)  is  the  peak  amplitude  of  the  input  signal  at  frequency  oi. 
Vout(<5>i)  is  the  peak  amplitude  of  the  output  signal  at  frequency  oi. 

The  simulated  gain  and  3rd  order  intermodulation  distortion  of  the  standard  HEMT  and  the 
channel  doped  HEMT  with  p-doped  buffer  are  shown  in  Fig.  4.  The  devices  are  defined  to  be 
200pm  wide  working  into  a  50  fi  load  with  -16dBm/tone  excitation.  It  can  be  seen  that  the 
improved  device  gives  lOdB  reduction  of  3rd  order  distortion  over  a  wide  range  bias  whilst  giving 
comparable  gain. 


Fig.  4.  Simulated  bias  dependent  gain  and  3  order  intermodulation  distortion  of  the 
University  of  Glasgow  p-HEMT  and  the  doped  channel  HEMT.  The  devices  are  200p.m 
wide  woridng  into  SO  Q  with  -16dBm/tone  excitation. 
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Transport  Assisted  by  Photo-generated  Carrier  Profile  in  the  Base 
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Abstract.  Optical  gain  was  observed  in  a  structure  that  was  unusual  for  transistors.  Symmetric  3in*3t  layers 
on  p* -substrate  woe  formed  using  sdective  ovacompensation  by  iron-diffusion.  Devices  of  100  pm  dameter 
showed  asymmetric  photocurrent  with  bias  polarity:  the  gain  of  10  is  nearly  constant  when  the  hole  injection 
is  along  the  carrier  profile  built  up  by  photoabsoiption,  while  for  the  reverse  injection  a  smaller  gain 
decreases  with  inddent  optical  power.  A  double  heterojunction  device  with  rt-AlGaAs  layers  also  showed 
similar  asymmetric  photocunent.  Since  the  hole  dfliision  loigth  is  less  than  the  base  width,  the 
photocarriers  generated  in  the  base  region  is  believed  to  be  responsible  for  the  asymmetric  gain. 


1.  Introduction 

Bipolar  transistors  use  the  minority  carriers  injected  from  the  emitter,  whereas  in  phototransistors 
considerable  amount  of  the  carriers  are  generated  by  photoexcitation  all  over  the  base  region.  Especially 
when  the  carrier  lifetimes  are  short,  the  generated  carriers  dominate  and  contribute  to  the  diffusion 
current  We  have  examined  this  effect  in  an  unusual  doping  combination  of  3in*n  GaAs  homostructure 
where  hole  diffusion  length  is  reduced  to  less  than  0.2  pm  by  iron-diffusion,  and  found  that  gain  can  be 
obtained  even  for  the  heavily  doped  n-type  base  of  0.8  pm  thick. 

Our  previous  experiments  have  already  shown  that  the  iron  energy  level  in  GaAs  makes  an  efficient 
recombination  center  but  not  a  generation  center.  Carrier  lifetime  close  to  10  ps  was  inferred  from  optical 
pulse  responses[l],  and  also  a  low  leakage  diode  was  fabricated  by  iron  diffusion  into  GaAs[2].  Since 
the  n-type  base  is  heavily  doped  and  much  thicker  than  the  diffusion  length,  current  gain  is  not  expected 
for  the  usual  transistor  operation. 


2.  Device  Fabrication 

2.1  Selective  overcompensation  of  n-type  epitaxial  layers 

Table  1  specifies  the  layer  structure  of  the  phototransistor.  The  jin^ji  layers  were  prepared  using 
selective  overcompensation  by  deep  acceptors:  iron-diffusion  converted  only  lightly  doped  n-type 
material  of  nn*n  VPE  layers  into  p-type  wiA  low  hole  concentration.  Compensation  of  donors  in  GaAs 
by  iron  acceptors  is  well  established,  and  has  been  described  elsewhere[2].  Choosing  the  diffusion 
temperature  in  the  range  of  650-900  °C,  the  deep  acceptor  concentration  can  be  controll«l  from  5xl0‘* 
cm'^  to  2x  lO”  cm'^[3].  This  time  the  diffusion  was  performed  at  650  °C  and  the  converted  GaAs  p-type 
layers  is  expected  to  have  a  hole  concentration  of  3x  lO'  ‘  on’’  with  the  resistivity  of  lO’  Qcm. 


CCC  Code  0-7803-3883-9/98/$10.00  ©  1998  IEEE 


480 


Table  1  Layer  structure  of  homojunction  phototiansistor 


material 

carrier  cone,  [cm  '*] 

thickness  [nm] 

jt-GaAs 

3  X  10" 

0.7 

n*-GaAs 

1  x10’‘ 

0.8 

jt-GaAs 

3  X 10" 

0.7 

p*-GaAs  sub. 

2x10” 

150 

2.2  Device  processing 

Two  types  of  phototransistors  were  made:  one  uses  GaAs  homojuctions  with  a  circular  mesa  structure, 
the  other  is  composed  of  AlGaAs/GaAs  double  heterojunctions(DH)  with  a  larger  square  mesa.  The 
circular  mesa  of  100  pm  diameter  was  passivated  by  a  polyimide  film,  whereas  no  passivation  was 
applied  to  the  square  DH  type.  AuZn/Au  ohmic  electrics  were  formed  both  on  the  surface  and  on  the 
p*-substrate.  The  AlGaAs/GaAs  DH  wafer  was  added  for  comparison.  Here  both  n-GaAs  epilayers 
were  replaced  by  n-AlGaAs(X^(=0.4)  with  an  additional  p  contact  layer  to  assure  its  ohmic 
characteristics. 


3.  Characteristics 

3.1  Current  -Voltage  Characteristics 

The  lowest  curves  in  Fig.  1  and  Fig.  2  show  the  dark  current  characteristics  of  the  homojunction  and 
DH  devices.  The  low  current  level  plus  the  symmetry  in  terms  of  bias  polarity  verify  the  successful 
formation  of  Jin^Jt  structures.  The  higher  leakage  current  of  the  homojunction  device  in  spite  of  the 
smaller  junction  area  is  susjjected  to  be  due  to  poor  ptolyiinide  passivation.  This  is  based  on  the  facts  that 
the  current  is  nearly  proptortional  to  the  voltage,  and  that  much  lower  leakage  current  density  in  the  order 
of  10’’  Acm'*  at  Vr  =1  V  has  been  obtained  with  GaAs  pn  mesadiodes[2].  On  the  other  hand,  the  DH 
device  showed  leakage  current  density  as  low  as  the  value  quoted  above.  These  low  dark  currents  are 
partly  due  to  the  nature  of  iron  deep  level  at  Et  -  Ev  =0.42  eV  in  GaAs:  deep  levels  located  off  the 
midgap  energy  in  general  do  not  make  generation  centers  for  thermal  excitation,  resulting  in  low 
generation  current[4]. 

3.2  Photocurrent  -Voltage  Characteristics 

Also  shown  in  Fig.  1  are  the  dependence  of  photocurrent  on  the  bias  voltage  with  the  incident  optical 
power  as  a  parameter.  Photoexcitation  was  made  at  X.=827  nm  by  a  diode  laser.  The  photocurrent  is 
asymmetric,  and  is  higher  when  the  surface-side  junction  is  forward  biased(plus  bias).  Zero-current 
points  are  shifted  to  minus  bias  side  by  a  few  tenth  of  a  volt  The  photocurrent  at  minus  bias  slightly 
increases  with  the  voltage.  Figure  3  shows  the  photocurrent  as  a  function  of  incident  optical  power 
density  at  the  bias  of  ±0. 5  V.  At  plus  bias  linear  dependence  is  observed,  and  the  slope  is  equal  to  the 
responsivity  of  4  AAV,  which  corresponds  to  the  gain  of  about  10.  In  contrast,  the  relation  is  sublinear 
at  the  minus  bias. 

Similtu"  characteristics  for  the  DH  device  is  shown  in  Fig.  2.  Again,  zero-current  points  are  shifted  to 
minus  bias  side,  and  the  photocurrent  is  higher  at  plus  bias.  Since  the  emitter  and  the  collector  of  this 
device  does  not  absorb  the  incident  light,  and  since  the  dark  current  itself  is  symmetric,  the  common 
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Fig.  1  Photocurrent  vs.  bias  voltage  for  a  homojunction  device.  Fig.  2  Photocurrent  vs.  bias  voltage  for  a  DH  device. 

asymmetric  bias  dependence  observed  in  homo-  and  hetero-junction  devices  should  derive  from  the 
asymmetric  profile  of  the  photo  generated  carriers  in  the  base. 


4.  Simple  Model  Calculation  and  Discussion 


To  examine  the  minority  carrier  distribution  in  the  base,  the  continuity  equation 
the  base  region  of  the  homojunction  device  under  illumination: 


dt 


^  ,  P  -  Po 

+  a  dP  exp[-a  x]  -  — - — 


0 


for  holes  are  solved  in 
(1) 


where  a  is  the  absorption  coefficient,  <I>  the  photon  flux  density,  and  r  the  hole  lifetime.  Here  we 
employ  the  usual  Shockley's  boundary  condition  of  quasi-equilibrium.  The  self  forward-biasing  by 
accumulation  of  photo  generated  electrons  are  calculated  by  the  balance  of  electron  flow  at  the  p-side 
depletion  edges  x^^  (i=l,2); 


dn 


= 

J^ni 


dP  exp[-a  x]  dx 


(2) 


For  simplicity  all  photo  generated  electrons  in  the  depletion  regionsfhr^j.-x^jl)  are  assumed  to  drift  into 
the  base  region. 

The  results  for  the  carrier  lifetime  of  10  ps  are  illustrated  in  Fig.  4,  where  hole  profiles  are  compared 
with  and  without  applied  bias,  Vapp.  The  solid  line  stands  for  the  profile  when  a  forward  bias  of  0.5  V 
is  applied  to  the  surface-side  junction,  while  the  dotted  line  is  for  the  open-circuit  case.  Because  the 
absorption  coefficient  at  827nm  corresponds  to  a  decay  length  of  0.8  pm,  the  basic  hole  profile  is 
determined  by  photo  generation  not  by  diffusion  of  injected  holes.  In  this  example  the  diffusion  length  is 
less  than  0.1  pm,  hence  the  injected  holes  would  decay  abruptly  without  photoexcitation  in  the  base. 
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Fig.  3  Photocurrent  vs.  incident  power  relation 
for  the  homojunction  device. 


Fig.  4  Calculated  hole  c(mcentration  in  the  base 
for  the  homojunction  device. 


The  photoexcitation,  however,  replenish  the  minority  carriers  lost  by  recombination,  and  creates  the 
more  slowly  decaying  hole  distribution,  which  assists  inward  transport  of  the  holes,  but  inhibits 
outward  transport.  That  is,  injection  along  the  built-up  hole  distribution  is  favored. 

Both  in  Fig.  1  and  Fig.  2,  zero-current  points  are  shifted  to  minus  bias  side  by  0.1-0.3V.  This 
means  the  hole  current  balances  when  an  additional  bias  is  applied  to  the  deeper  junction.  A  tentative 
estimate  gives  a  value  of  0.35V  for  the  forward  bias  needed  to  cancel  the  difference  in  photo  generated 
hole  densities  at  the  two  junctions.  Closer  examination  including  defect  current  is  neeessary  to  explain 
the  details. 


5.  Conclusion 

By  use  of  an  usual  3tn*3i  structure,  the  importanee  of  photo  generated  carriers  in  the  base  region  for  the 
optical  gain  has  been  pointed  out.  In  preparing  the  device  with  short  diffusion  length  of  minority  holes, 
iron  diffusion  into  GaAs  has  been  successfully  utilized  to  selectively  overcompensate  n-type  layers. 
With  an  appropriate  design  of  carrier  lifetime  and  device  structure,  both  gain  and  response  spteed  will  be 
obtained  even  with  a  bipolar  transistor  scheme. 

The  Tdeoommunications  Advancement  Foundation  assisted  in  attendng  the  Symposium.  The  authors  also  wish  to  thank 
Dr,  Y.  Maeda,  Mr.S .  Nagira  and  Mr.  H.  Misawa  of  this  Institute  for  the  cooperation  in  this  research. 
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Abstract.  Metamorphic  HFET  materials  with  InAs/InogGao  jAs  channels  have  been  grown  on  GaAs  sub¬ 
strates.  The  influence  of  the  insertion  of  an  InAs  layer  has  been  investigated  regarding  the  thickness  and  the 
position  of  the  layer.  The  insertion  of  InAs  results  in  20  %  increase  in  electron  mobility  at  room  tem¬ 
perature  (34  %  at  77  K).  HFETs  with  0.3  pm  gate  length  have  been  fabricated  and  characterized.  An  extrin¬ 
sic  DC  transconductance  of  1100  mS/mm  was  achieved.  Excellent  high  frequency  performance  has  been 
achieved  at  low  voltages.  An  f„„  of  100  GHz  and  an  fp  of  100  GHz  were  achieved  at  a  drain  voltage  of  0.25 
V  and  0.75  V  respectively.  The  f^  lj  product  of  30  GHz  pm  corresponds  to  a  carrier  velocity  of  1.9T0’ 
cm/s.  The  minimum  noise  figure  was  0.8  dB  with  an  associated  gain  of  9.2  dB  at  25  GHz. 

1.  Introduction 

Heterostrjcture  Field-Effect  Transistors  (HFETs)  using  InAlAs/InGaAs  lattice  matched  to  InP  have 
demonstrated  excellent  high  frequency  and  low-noise  performance  [1].  It  has  been  shown  that  the  device 
performance  can  be  further  improved  by  increasing  the  indium  concentration  in  the  channel.  This  is 
partly  due  to  the  improvement  of  the  electron  mobility  and  velocity  of  In,Gai.„As  with  increasing  x. 
Different  approaches  have  been  demonstrated,  such  as  a  pseudomorphic  In„Ga,.„As  (x>0.53)  channel 
[2],  and  insertion  of  a  thin  InAs  layer  in  an  otherwise  lattice  matched  channel  [3],  These  approaches 
limit  the  channel  thickness  to  be  less  than  a  critical  value  to  prevent  generation  of  dislocations.  Further¬ 
more,  the  material  will  be  highly  strained  which  reduces  the  electron  mobility  and  velocity  [4,  5]. 

Fully  relaxed  layers  with  optional  indium  content  can  be  grown  on  either  GaAs  or  InP  substrates  by 
growing  a  graded  In^^Al^Gai.^.^As  buffer.  The  use  of  GaAs  is  motivated  by  lower  substrate  price,  less 
fragility,  and  more  developed  etching  techniques.  Different  approaches  for  the  graded  buffer  have  been 
tried;  Unearly  graded  In„Ga,,„As  [6],  step  graded  In,Al,.„As  [7],  linearly  graded  In^Alj.^As  [8,  9],  and 
hnearly  graded  In^AlyGai.^yAs  [10-12].  The  structures  in  this  study  use  a  linearly  graded  In„Al,.,As 
(x=0-0.8)  buffer  on  GaAs  substrate. 

Excellent  results  have  been  obtained  from  In„52Al|,48As/In(,53Ga(,47As  materials  with  inserted  InAs 
layers,  and  investigations  have  been  performed  to  optimize  the  position  and  thickness  of  the  InAs  layer 
[3,  13].  The  position  of  the  layer  is  normally  chosen  to  confine  as  many  electrons  as  possible  inside  the 
InAs  quantum  well.  In  this  work  we  investigate  the  influence  on  device  performance  of  the  position  and 
the  thickness  of  an  InAs  layer  in  an  In^gGao  jAs  channel  on  GaAs  substrate. 

2.  Material  design  and  device  fabrication 

The  materials  were  grown  in  a  Varian  GEN  11 MBE  system.  Details  of  the  MBE  growth  have  been  pub¬ 
lished  elsewhere  [14].  The  large  lattice  mismatch  between  substrate  and  active  layers  (5.7  %)  are  ac¬ 
commodated  using  a  compositionally  graded  In^Ali.^As  buffer.  The  large  lattice  mismatch  causes  a  ran¬ 
dom  surface  roughness.  The  roughness  was  measured  with  atomic  force  microscope  (AFM)  and  the  rms 
value  varied  between  4.6  and  5.3  nm  for  the  materials  in  this  investigation. 
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Table  I:  Hall  measurement  results,  t,„As  is  the  thickness  of  the  inserted  InAs  layer  and  d,„As  is  the 
distance  between  the  channel-spacer  interface  and  the  InAs  layer. 


Material 

^InAs 

[nm] 

^^nAs 

[nm] 

H  @  RT 
[cmWs] 

@  RT 
[10‘^cm-^] 

p  @  77K 
[cmWs] 

n,  @  77K 
[lO'^'cm-^l 

#589 

4 

3 

12900 

1.79 

31600 

2.03 

#590 

6 

3 

11300 

2.38 

23000 

2.60 

#598 

8 

3 

10600 

2.28 

19100 

2.46 

#599 

6 

0 

13700 

2.44 

34500 

2.61 

#600 

0 

- 

11400 

2.05 

25800 

2.15 

Five  materials  were  grown  with  the  basic  structure  as  follows:  1  |J.m  linearly  graded  In,jAl,,jAs  buffer 
(x=0->0.8),  100  nm  In^gAlajAs  buffer,  35  run  channel,  5  nm  lno,Al|,3As  spacer,  Si  6-doping  410‘^ 
cm'^,  25  nm  In^  ,Alg  jAs  Schottky  layer,  and  5  nm  In„  gGa^  jAs  cap  layer.  The  channel  layer  was  varied 
according  to  Table  I.  Three  materials  were  grown  with  an  InAs  layer  3  nm  (d[„^j)  from  the  In(,  ,Al(,  3As 
spacer  while  the  thickness  of  the  InAs  layer,  was  varied  from  4  to  8  nm.  A  fourth  material  was 
grown  with  a  6  nm  InAs  layer  positioned  at  the  spacer  interface.  The  last  material  was  grown  as  a 
reference,  without  InAs  layer.  The  total  channel  thickness  was  35  nm  for  all  materials. 

3.  Results  and  discussion 

The  influence  of  the  thickness  of  the  InAs  layer  was  first  investigated  with  materials  #589,  590,  598, 
and  600.  The  InAs  layers  were  positioned  3  nm  from  the  In^jAlo  jAs  spacer  in  this  part  of  the  investiga¬ 
tion.  Our  results  show  that  the  optimum  thickness  of  the  InAs  layer  is  6  nm  (Figure  2).  The  initial  in¬ 
crease  in  f„,^  for  increasing  InAs  thickness  is  explained  by  the  improvement  in  electron  transport  prop¬ 
erties  for  InAs  relative  to  ItiogGa^  jAs.  When  the  layer  thickness  is  increased  above  the  critical  thickness, 
the  number  of  dislocations  increase,  degrading  the  performance.  The  theoretical  critical  layer  thickness 
for  thin  InAs  films  on  InogGa^  jAs  is  approximately  8  nm  (depending  on  growth  conditions)  [15]. 

The  influence  of  the  position  was  tested  by  a  structure  with  a  6  nm  InAs  layer  positioned  at  the  spacer 
interface  (Material  #599).  This  material  had  the  highest  mobility,  13700  cmWs  at  300  K.  This  is  20  % 
higher  than  the  reference  material  without  InAs  (#600)  and  21  %  higher  than  the  material  with  the  same 
thickness  but  different  position  of  the  InAs  layer  (#590)  (Table  I).  This  indicates  that  the  best  confine¬ 
ment  of  the  electrons  is  achieved  by  positioning  the  InAs  layer  at  the  spacer  interface.  This  is  consistent 
with  RF  measurements  where  #599  had  an  of  164  GHz  at  Vjj=l  V  compared  to  147  GHz  for  #590 
at  the  same  voltage. 

The  high  mobility  of  the  reference  material  (#600)  compared  to  the  materials  with  spacers  can  be 
explained  by  better  crystal  qualities  in  the  channel  since  there  is  no  lattice  mismatched  layer  in  the 
channel  of  this  material. 

The  transconductance  versus  follows  the  same  trend  as  f„,„.  Accordingly,  material  #599  also  gave 
the  highest  transconductance  (1 100  mS/mm)  (Figure  1).  Previous  generations  of  this  material  family  had 
problems  with  the  pinch-off  characteristics  [11].  This  has  been  solved  (Figure  1)  by  decreasing  the 
leakage  currents  in  the  graded  buffer  by  using  InAlAs  instead  of  InGaAlAs 

At  higher  voltages,  material  #6(X)  was  superior.  It  does  not  contain  any  InAs  layer,  and  its  breakdown 
characteristics  are  better.  The  off-state  breakdown  voltage  was  measured  using  the  drain  current  injec¬ 
tion  method  [16].  BVj^  was  2.5  V  and  was  3.4  V. 
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Figure  la:  Drain-source  current,  versus  Figure  lb:  Transconductance,  g„,  and  drain-source 

drain-source  voltage,  at  gate  voltage,  Vg,,  from  current,  I,,,,  versus  gate  voltage,  at  drain-  source 

-1.5  to  0.4  V  (0.1  V  steps).  (Material  #599).  voltage,  0.5,  1.0,  and  1.5  V.  (Material  #599). 


The  devices  were  RF-measured  up  to  50  GHz  using  a  HP8510C  network  analyzer.  Small  signal 
equivalent  circuits  were  extracted  using  a  direct  extraction  method  [17].  These  metamorphic  devices  with 
a  composite  channel  exhibit  excellent  high  frequency  performance  at  low  voltages.  An  of  100  GHz 
was  obtained  at  'Vj=0.25  V  and  1^5=26  mA/mm  for  material  #599  (Figure  3).  All  materials  in  this  inves¬ 
tigation  have  an  f^  exceeding  100  GHz  at  0.5  V.  Below  =1  V,  these  materials  are  superior  to  lattice 
matched  InP-based  devices  fabricated  with  the  same  layout  and  processing  techniques  in  our  laboratory, 
in  spite  of  the  longer  gate  length  (-0.30  pm)  compared  to  the  lattice  matched  devices  (0.15  pm).  Above 
1  V  the  gate  leakage  current  degrades  the  high  frequency  performance.  Material  #600  has  the  best  high 
bias  performance  with  an  f,„„g  of  230  GHz  at  2.0  V.  The  excellent  transport  properties  of  these  materials 
are  also  shown  by  the  f^  of  100  GHz  with  a  gate  length  of  0.3  pm  for  material  #599.  The  f^-l^  product 
of  30  GHz-pm  corresponds  to  a  carrier  velocity  of  1.9-10’  cm/s.  This  is  comparable  to  the  best  f.j.-lg  re¬ 
sults  from  InP-based  devices  [18,  19]. 

Noise  measurements  were  performed  at  3-25  GHz.  The  variation  of  the  noise  figure,  NF,„i„,  versus 
thickness  of  the  inserted  InAs  layer  follows  the  same  trend  as  f^^^^  with  a  minimum  for  6  nm  InAs. 
Material  #599  exhibited  the  best  noise  characteristics  with  an  NF,„j„  of  0.8  dB  and  an  associated  gain  of 
9.2  dB  at  25  GHz.  This  was  achieved  at  V,,  =0.4  and  1^5=85  mA/mm. 


Figure  2:  versus  thickness  of  the  inserted  InAs  Figure  3:  f„„  versus  for  a  lattice  matched  InP-based 

layer  for  different  Vos.  material  (InP15)  and  a  metamorphic  structure  with 

inserted  InAs  layer  (#599). 
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4.  Conclusions 

Metamorphic  HFET  materials  with  InAs/In^gGa^  jAs  channels  have  been  grown  on  GaAs  substrates. 
The  insertion  of  a  6  nm  InAs  layer  at  the  Inj^Alo  jAs  spacer  interface  resulted  in  a  20  %  increase  in  room 
temperamre  mobility  (34  %  at  77  K). 

An  extrinsic  transconductance  of  1 100  mS/mm  was  achieved  with  a  0.3  pm  gate  length.  Excellent  high 
frequency  performance  has  been  achieved  at  low  voltages.  An  f^  of  100  GHz  was  achieved  at 
Vgj=0.25  V  and  Ij  =26  mA/mm.  Below  1.0  V,  these  devices  are  superior  to  lattice  matched  InP-based 
devices  with  0.15  pm  gate  length  fabricated  with  the  same  layout  and  fabrication  processes.  The  ff-l^ 
product  of  30  GHz  pm  corresponds  to  a  carrier  velocity  of  1.9-10^  cm/s.  Compared  to  a  reference 
stmcture  without  InAs  layer,  the  insertion  of  a  thin  InAs  layer  caused  an  increase  in  f,„j^  with  12  %,  fj. 
with  64  %,  and  the  fy-Lg  product  with  19  %.  The  minimum  noise  figure  was  0.8  dB  with  an  associated 
gain  of  9.2  dB  at  25  GHz  for  a  material  with  a  6  nm  InAs  layer  at  the  spacer  interface.  This  was 
measured  at  a  of  0.4  V  and  an  I^^  of  85  mA/mm. 

Our  results  show  that  the  metamorphic  InAs/InGaAs  HFET  is  a  promising  device  for  low  noise  appli¬ 
cations  with  a  very  high  gain  at  low  DC  power  consumption. 
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A  Novel  High-Performance  WSi-gate  Self-Aligned  N-AlGaAs 
/InGaAs/N-AlGaAs  Pseudomorphic  Double  Heterojunction 
MODFET  by  Ion  Implantation 


K.  Nishii,  M.  Nishitsuji,  T.  Uda,  T.  Yokoyama,  S.  Yamamoto, 

T.  Kunihisa  and  A.  Tamura 

Electronics  Research  Laboratory,  Matsushita  Electronics  Corporation, 

3-1-1  Yagumo-Nakamachi,  Moriguchi,  Osaka  570,  Japan 

Abstract.  A  novel  high  performance  WSi-gate  self-aligned  N-AlGaAs/InGaAs/N-AlGaAs  pseudomorphic 
double  heterojunction  MODFET  was  fabricated  by  ion  implantation  into  the  epitaxial  layers.  To  obtain 
high  activation  for  the  Si  implanted  epitaxial  layers,  we  have  optimized  the  layer  structure,  especially 
AIGaAs  thickness,  and  annealing  conditions  using  a  graphite  heater.  The  0.8|im-gate  DH-MODFET 
exhibited  a  K- value  of  400  mSA^mm,  gm^^x  of  450  mS/mm  and  I  max  of  300  mA/mm  with  Vth  of  -0.05 
V.  The  standard  deviation  of  Vth  was  18.1  mV  across  a  3  inch  wafer.  Operated  with  drain  bias  of  3.0  V,  the 
DH-MODFET  demonstrated  28%  power  added  efficiency  (PAE)  with  -56.4  dBc  adjacent  channel  leakage 
power  ratio  (ACPR)  at  Pout  =  2 1 .5  dBm  and  600  kHz  off  center  frequency  from  1 .9  GHz. 


1.  Introduction 

In  recent  years,  GaAs  MMIC  power  amplifiers  have  attracted  much  attention  in  cellular  phones  because 
of  their  low  voltage  operation  and  low  power  consumption.  These  conventional  GaAs  MMIC  power 
amplifiers!!]  usually  need  dual  (positive  and  negative)  voltage  supplies.  However,  negative  voltage 
generation  becomes  one  of  the  large  obstacles  to  realize  very  compact  and  low  cost  handsets.  Therefore, 
single  voltage  supply  MMIC  power  amplifiers  have  been  strongly  demanded.  A  good  example  has  been 
reported  on  the  single  low  voltage  supply  GaAs  MMIC  power  amplifier[2]  by  using  the  N-AlGaAs 
/InGaAs/N-AlGaAs  pseudomorphic  double  heterojunction  modulation  doped  FET(DH-MODFET) 
because  of  its  advantageous  high  frequency  characteristics  and  drain  current  capability.  However,  in  the 
conventional  fabrication  process  of  DH-MODFET,  the  gate  recess  is  performed  by  wet  chemical 
etching,  which  cause  poor  uniformity  of  device  characteristics  such  as  threshold  voltage  (Vth). 

In  this  work,  we  report  successful  fabrication  of  WSi-gate  self-aligned  pseudomorphic  DH- 
MODFETs  by  ion  implantation  into  the  epitaxial  layers  with  high-performance  and  very  uniform  device 
characteristics. 


2.  DH-MODFET  Structure 

Figure  1  shows  the  cross-sectional  view  of  the  DH-MODFET.  The  epitaxial  structure  was  grown  by 
MBE  on  a  semi-insulated  GaAs  substrate.  Following  the  undoped  GaAs  buffer  layer  and  undoped 
AIGaAs  layers,  5  nm  bottom  N- AIGaAs  layer,  2  nm  undoped  AIGaAs  bottom  spacer  layer,  15  nm 
InGaAs  quantum  well,  2  nm  undoped  AIGaAs  top  spacer  layer,  10  nm  top  N-AlGaAs  layer,  and  5  nm 
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Fig.  1  Cross-sectional  view  of  the  DH-MODFET  Fig.  2  Dependence  of  Ns  and  p  on  annealing  temperature 

undoped  GaAs  layer  were  grown.  The  AlAs  mole  fraction  in  the  AlGaAs  layers  was  0.25  and  the 
doping  level  of  Si  in  the  N- AlGaAs  layers  was  2.0 X  10i«cm-3.  The  In  mole  fraction  in  the  InGaAs 
layer  was  0.2.  The  sheet  electron  concentration  and  Hall  mobility  obtained  for  this  DH  structure  were 
5.2X  1011  cm-2  and  4400  cm2Af  s  at  room  temperature  and  5.0X  lOH  cm-2and  11200  cm^/Y-s  at 
77K,  respectively. 

The  n+  regions  self-aligned  to  the  refractory  WSi  gate  were  formed  by  Si  ion  implantation  into  the 
epitaxial  layers.  In  order  to  obtain  high  activation  for  Si  implanted  N-AlGaAs/InGaAs/N-AlGaAs 
heterostructure  layers  without  degrading  the  characteristics  of  the  epitaxial  layers,  we  have  studied  the 
annealing  conditions  and  the  epitaxial  layer  structure.  We  adopted  hotplate  annealing  using  a  graphite 
heater  for  activating  the  implanted  layers,  because  it  allows  rapid  thermal  processing  with  good 
temperature  control.  Figure  2  shows  the  dependence  of  sheet  electron  concentration  (Ns)  and  Hall 
mobility  ((i)  for  the  DH  structure  on  annealing  temperature.  Annealing  time  is  30  sec.  A  drastic 
degradation  of  Ns  and  p  were  observed  in  the  region  of  temperature  above  780  'C.  This  phenomenon  is 
considered  to  be  caused  by  degradation  of  the  DH  structure. 


Thickness  of  i  AlGaAs  (nm)  Annealing  Temperature  (t) 


Fig.  3  Dependence  of  the  sheet  resistance  of  the  Si  implanted  Fig.  4  Dependence  of  the  sheet  resistance  of  the  Si 
epitaxial  layers  on  bottom  undoped  AlGaAs  layer  thickness  implanted  epitaxial  layer  on  annealing  temperature 

(annealed  at  750  t)  for  30  see)  (annealing  time  is  30  see) 
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It  is  known  that  AlGaAs  has  poor  activation  compared  to  GaAs  in  the  case  of  Si  implantation[3,4] . 
Therefore,  we  studied  the  relation  between  AlGaAs  layer  thickness  and  sheet  resistance  of  the  Si 
implanted  epitaxial  layers.  Figure  3  shows  the  dependence  of  the  sheet  resistance  of  the  Si  implanted 
region  at  50  keV  with  a  dose  of  5  X  1013  cm-2  on  the  thickness  of  the  bottom  undoped  AlGaAs  layer 
between  the  GaAs  buffer  layer  and  the  bottom  N-AlGaAs  layer.  From  this  figure;  the  thickness  of  the 
bottom  undoped  AlGaAs  layer  must  be  less  than  20  nm  to  obtain  high  activation  and  we  typically  used 
10  nm.  Figure  4  shows  the  dependence  of  the  sheet  resistance  of  the  Si  implanted  region  at  the  above 
conditions  on  the  hotplate  annealing  temperature  for  the  sample  with  10  nm  undoped  AlGaAs  layer.  The 
low  sheet  resistances  were  obtained  in  a  range  of  annealing  temperature  from  720  "C  to  750  "C .  From 
the  result,  we  adopted  750  °C  on  annealing  temperature. 


3.  Fabrication  and  Device  Characteristics 

3.1  Fabrication  Process 

The  device  fabrication  process  begins  with  the  mesa-etching  for  the  definition  of  the  channel  region. 
Then  a  WSi  refractory  metal  gate  was  formed  by  DC  sputtering  and  reactive  ion  etching  with  mixed 
CF4/SF6  gas.  Then  60  nm  thick  Si02  film  was  deposited.  We  carried  out  self-aligned  Si  ion 
implantation  using  WSi  gate  and  45  nm  width  SiOa  sidewall  as  a  mask  at  an  energy  of  50  keV  with  a 
dose  of  5  X 1013  cm-2.  After  that,  the  implantation  layer  was  annealed  by  hotplate  annealing  at  750  t 
for  30  sec  in  a  H2  atmosphere  with  a  Si02  capping  film.  Ohmic  contacts  were  formed  by  evaporation  of 
AuGe/Ni/Au.  Finally,  a  Ti/Au  layer  was  deposited  as  a  gate  over-layer  and  interconnect  metal. 


Vgs  CV) 


Fig.  5  Dependence  of  Ids  and  gm  on  Vgs 
(Lg=0.8pm,  Wg=100(im) 


Pin  (dBm) 

Fig.  6  Input-output  characteristics  with  ACPR  and 
PAE  of  the  DH-MODFET  (Wg=4mm) 

Input  Signal  :  7t/4  shift  QPSK  (PHS  mode) 
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3.2  DC  and  RF  Characteristics 

Figure  5  shows  the  typical  •f  Ids,gm-Vgs  characteristics  of  a  0.8|im-gate  DH-MODFET  formed  by  this 
process.  The  DH-MODFET  with  100pm  gate  width  exhibited  a  K-value  of  400  mSA^mm,  a  gmMAX 
(maximum  transconductance)  of  450  mS/mm  and  Imax  (maximum  drain  current)  of  300  mA/mm  with  a 
Vth  of  -0.05  V  at  Vds  of  3  V.  The  measured  contact  resistance  was  0.08  Omm  and  the  sheet  resistance 
of  n+  layer  was  300  fl/D.  The  typical  gate-drain  breakdown  voltage  was  -9  V  measured  at  a  gate-drain 
current  of  100  pA/mm. 

The  Vth  of  35  devices  was  measured  across  a  3  inch  wafer.  The  Vth  was  determined  by  linear 
extrapolation  of  the  square  root  of  the  drain  current.  The  average  Vth  of  35  devices  was  -0.05  V.  The 
standard  deviation  of  Vth  is  18. 1  mV  across  a  3  inch  wafer. 

Figure  6  shows  input-output  power  performance  of  the  DH-MODFET  (Wg=4mm)  with  adjacent 
channel  leakage  power  ratio(ACPR)  and  power  added  efficiency(PAE).  Operated  with  a  single  drain 
bias  of  3.0V,  we  obtained  PAE  of  28.0%  with  low  ACPR  of  -56.4  dBc  at  Pout  =  21.5  dBm  and  f=1.9 
GHz.  The  characteristics  of  this  DH-MODFET  satisfies  the  requirements  for  low  current  operation  in 
the  single  voltage  supply  condition. 


4.  Conclusion 

We  have  developed  a  novel  high  performance  WSi-gate  self-aligned  N-AlGaAs/InGaAs/N-AlGaAs 
pseudomorphic  double  heterojunction  MODFET  by  ion  implantation  into  the  epitaxial  layers.  To  obtain 
high  activation  for  the  Si  implanted  epitaxial  layers,  we  have  optimized  the  layer  structure,  especially 
bottom  undoped  AlGaAs  layer  thickness,  and  the  annealing  condition  using  a  graphite  heater.  The  0.8 
pm-gate  DH-MODFET  exhibited  K-value  of  400  mSA^mm,  gmMAX  of  450  mS/mm  and  Imax  of  300 
mA/mm  with  Vth  of  -0.05  V.  The  standard  deviation  of  Vth  was  18.1  mV  across  a  3  inch  wafer. 
Operated  with  drain  bias  of  3.0  V,  the  DH-MODFET  demonstrated  PAE  of  28%  with  ACPR  of  -56.4 
dBc  at  Pout  =21.5  dBm  at  600  kHz  off  center  frequency  from  1.9  GHz.  These  excellent  results  suggest 
that  this  process  is  very  suitable  for  fabrication  of  GaAs  power  MMIC's  operated  with  a  single  voltage 
supply,  with  very  uniform  device  characteristics. 
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Novel  applications  of  HEMTs  for  future  4.2K  low-power 
and  low-frequency  cryoelectronics 
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Abstract.  Pseudomorphic  (Al,In)GaAs/GaAs  HEMTs  have  been  fabricated  and  investigated.  These  devices 
exhibit  high  DC  and  low-frequency  noise  performances  at  4.2K.  Neither  collapse  nor  kink  effect  has  been 
detected.  Large  current  variation  from  sub-nano  to  milli- Ampere  with  a  good  saturation  behaviour  has  been 
characterised  with  a  gate  bias  variation  of  about  half  a  volt.  Even  at  an  extremely  low-power  supply  of 
57pW,  an  intrinsic  voltage  gain  of  160  has  been  reached.  With  a  power  supply  smaller  than  lOpW, 
v/e  obtained  an  equivalent  input  noise  as  small  as  1.9nV/VHz  at  IkHz,  a  white  noise  lower  than  O.SnV/vHz, 
a  shot  noise  of  0.76fA/VHz,  and  the  corresponding  Hooge  parameter  of  5.5x10'^.  Finally,  a  real  application 
of  this  type  of  device  in  a  4.2K  preamplifier  has  demonstrated  an  equivalent  input  noise  level  of  0, 12nVWHz 
with  a  bandwidth  of  2MHz. 


1.  Introduction 

Low-power,  low-frequency  and  low-noise  cryogenic  transistors  are  widely  demanded  for  preamplifiers 
in  cryogenic  systems  working  at  4.2K  or  below.  Applications  include  superconducting  particle  detectors 
and  bolometers  in  nuclear  physics,  very  low  signal  measurements  in  mesoscopic  physics,  and 
photodetectors  in  spacecraft  telescopes.  So  far,  the  lowest  noise  level  transistors  are  Si  JFETs,  but  with 
a  minimum  operating  temperature  of  about  lOOK  [1-2].  In  order  to  decrease  this  limit,  many  efforts  have 
been  devoted.  The  well  investigated  devices  are  GaAs  MESFETs  which  can  work  at  4.2K  or  below  [3], 
and  their  performances  have  been  considerably  improved  [4].  However,  their  noise  level,  e.g.,  at 
IkHz  and  at  4.2K,  is  still  several  times  higher  than  that  of  Si  JFETs.  In  this  work,  we  have  introduced 
and  investigated  pseudomorphic  GaAs  HEMTs  for  the  goal  of  low-power,  low  1/f  noise  and  cryogenic 
working  temperature. 

Comparing  HEMTs  to  MESFETs,  the  fundamental  difference  is  that  the  former  is  based  on  a  two- 
dimensional  electron  gas  (2DEG)  while  the  latter  uses  a  three-dimensional  electron  gas.  The  2DEG  can 
be  obtained  by  a  heterostructure  arrangement,  e.g.,  AlGaAs/GaAs,  or  pseudomorphic 
(Al,In)GaAs/GaAs.  The  electrons  in  the  2DEG  reside  in  a  veiy  pure  crystal  material  and  they  are  isolated 
from  the  donors  by  a  spacer  layer.  Thus,  electron-donor  collisions  and  electrons  frozen  at  ionised  donors 
at  low  temperature  can  be  avoided.  Electrons  therefore  present  high  qualities  in  mobility  and  in 
concentration,  especially  at  low  temperature.  The  2DEG  has  been  largely  used  in  mesoscopic  physics 
experiments,  in  particular  we  have  investigated  the  quantum  shot  noise  in  a  Quantum  Point  Contact 
(QPC)  constructed  by  split  gates  on  z  AlGaAs/GaAs  2DEG  [5].  At  milli-Kelvin  temperature  range  and 
with  very  low  bias  and  low  frequency  measurement  conditions,  the  shot  noise  in  the  QPC  decreases  with 
the  reduction  of  the  current  flowing  through  it  and  reaches  the  limit,  i.e.,  the  thermal  noise  level  which  is 
determined  by  the  cryostat.  Furthermore,  from  a  device  point  of  view,  e.g.,  the  transconductance  and  the 
cut-off  frequency,  HEMTs  have  also  demonstrated  an  increase  in  performances  with  decreasing  working 
temperature  [6].  Indeed,  from  the  above  experiments,  electrons  in  a  2DEG  exhibit  essential  features  for 
cryogenic  devices. 

Pseudomorphic  GaAs  HEMTs,  compared  to  classical  GaAs  HEMTs,  have  the  advantages  of  a  better 
2DEG  confinement,  higher  electron  density  and  lower  Al  mole  fraction  in  the  AlGaAs  material. 
High  Al  mole  fraction  in  GaAs  HEMTs  is  considered  as  the  source  of  DX  centers  and  DX  centers  can 
generate  collapse  [7]  in  current-voltage  (I-V)  characteristics  for  transistors  at  low  temperature. 
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2.  Experiment 

The  fabricated  HEMTs  are  based  on  a  commercially  available  pseudomorphic  (Al,In)GaAs/GaAs 
heterostructure  from  Picogiga  [8],  grown  by  Molecular  Beam  Epitaxy.  Source  and  drain  ohmic  contacts 
are  performed  by  using  Ni/Ge/Au  process  [9],  Device  isolation  and  gate  recess  are  achieved  by  wet 
chemical  etching.  The  devices  are  finally  packaged  into  TO- 18  boxes. 

Typical  low  temperature  I-V  curves  obtained  for  HEMT  N°9-4  and  measured  with  a  HP4142B  are 
shown  on  Fig.l.  Collapse  and  kink  effect  [10]  are  totally  absent  in  these  devices.  This  indicates  the  high 
qualities  of  both  the  heterostructure  material  and  the  fabrication  process.  In  the  low  drain-source  current 
Ids  region,  the  saturating  of  Ids  can  be  observed  at  drain-source  bias  Yds  much  lower  than  IV.  At 
V^j=0.1V  and  /^j=0.57nA,  the  transconductance  gm=Sld/SVgs,  where  Vgs,  the  gate-source  bias,  is 
0.16|iS,  and  the  drain  conductance  gd=Sld/SVds,  is  l.OnS.  Consequently,  an  intrinsic  voltage  gain 
Go=gi,/gd  of  160  with  an  operating  power  as  small  as  57pW  ean  be  deduced. 


Fig.l  /ds-Uds  curves  versus  kjs  for  HEMT  N°9-4  at  4.2K,  The  logarithmic  scale  is  used 
for  full  Ids  illustration,  From  bottom  to  top,  Vgs  varies  from  -0.70V  to  OV  with  a  step  of  0,05V. 

In  Tab.l  we  display  the  typical  parameters  obtained  at  working  point  "p",  where  Igs  is  the  gate  leakage 
current,  Rdf^Vgd,  the  drain-source  channel  resistance,  G=g„Ri/(gdRL+ 1 )>  the  effective  voltage  gain  and 
/?/,=10kQ  is  the  load  resistance.  The  G  calculated  using  DC  parameters  is  verified  with  an  alternative 
amplifier  circuit  setup  using  the  same  device.  The  shot  noise  i„  induced  by  Igs  can  be  written  as  y{2eLs), 
where  e  is  the  electron  charge.  In  order  to  reduce  this  noise,  a  very  careful  recess  is  carried  out.  Igs  has 
thus  been  significantly  reduced  to  the  pico- Ampere  range.  With  /^j=1.8pA,  the  corresponding  i„  is  only 
0.76fA/(VHz). 


Tab.1 


point 

VgsW 

VdsW 

/rf^(mA) 

in  (WVHz) 

gm(MS) 

la 

D 

e„{nV/VHz)@lkHz 

_ £ _ 

-0.55 

0.1 

0.095 

1.8 

0.76 

1.6 

2.3 

1.9 

For  the  equivalent  input  7.^  noise  voltage  measurement,  a  5004  EG&G  BROOKDEAL  preamplifier  and  a 
HP35665A  dynamic  signal  analyser,  have  been  applied.  It  is  well  known  that  the  Hooge  7/^f  empiric 
current  noise  spectrum  formula  [11]  can  be  written  as  follows  for  FETs  : 

S„s=a^dsyNf  (1) 

where  is  the  Hooge  parameter,  N,  the  carriers  number  under  the  gate  and  /,  the  frequency. 
The  equivalent  input  noise  voltage  e„  can  be  written  as  en^=Se„=aJdsyNfgn?,  where  S,,,,  is  the  input 
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voltage  noise  spectrum.  As  the  effective  load  resistance  of  the  DUT  is  RL  =Ri/(8dRL+i)^  we  have 
Sen=aJds^RL^/Nfgm^RL^  =Svd/G^,  where  Svjs=ocJds^RL^/Nf  is  the  output  voltage  noise  spectrum. 
e„  can  thus  be  finally  deduced  from  the  ratio  of  the  measured  value  over  the  corresponding  G. 

In  Fig.2  we  plot  the  typical  e„  as  a  function  of/at  working  point  "p".  e„  varies  as/-®  '^  as  illustrated  by 
the  dotted  line.  It  must  be  mentioned  that  the  evolution  of  isf-^-^.  An  e„  as  small  as  1.9nV/'\/Hz  at 
IkHz  is  obtained  with  a  power  supply  of  only  9.5pW.  In  addition,  the  spectrum  weight  e„=0.5nV/'VHz 
at  lOkHz  implies  that  the  white  noise  level  should  be  even  lower.  These  values,  both  In  1/f  noise  and  in 
power  supply,  are  smaller  than  those  of  any  FET  at  4.2K  reported  in  the  literature  [3-4].  The  1/f  noise  at 
4.2K  is  very  close  to  that  of  the  best  Si  JFET  at  135K,  and  white  noise  is  even  lower[l]. 

Referring  to  the  work  of  [12],  at  low  drain  bias  conditions,  the  Hooge  parameter  in  formula  0)  can  be 
deduced  from  the  electron  mobility  and  the  voltage  bias.  Using  the  experimental  electron  mobility  value 
of  about  3xlO‘*cm2/Vs  in  (Al,In)GaAs/GaAs  heterostructures  measured  at  4.2K,  we  can  evaluate 
Kh  =5.5x10'®  at  point  "p".  This  value  is  about  ten  times  smaller  than  that  obtained  in  the  GaAs  HEMT  at 
300K  [12].  To  our  knowledge,  4.2K  has  not  yet  been  well  investigated.  Besides,  according  to  the 
theory  in  [13],  if  one  considers  only  the  elastic  collision  process  at  low  drain  bias  and  low  temperature  in 
a  FET,  the  calculated  for  this  pseudomorphic  HEMT  at  4.2K  should  be  as  small  as  3.4x10'’°. 
The  large  difference  between  the  experiment  and  the  theory  calls  for  more  detailed  investigations. 


Fig.2  Spectrum  of  e„  versus  ffrom  150Hz  to  12.8kHz  for  HEMT  at  4.2K, 
and  the  bias  conditions  listed  in  Tab.1. 

One  HEMT  of  this  type  has  been  used  in  a  4.2K  preamplifier  for  a  metastable  superconducting  particle 
detector.  This  detector  is  used  in  order  to  increase  the  efficiency  and  the  energy  resolution  for  the 
possibilities  of  solar  neutrinos,  cold  dark  matter,  and  double  beta  decay  detectlon[14].  The  detector 
consists  of  tin  microspheres  with  a  diameter  of  about  10pm,  suspended  in  paraffin  wax  at  lOOmK,  and 
superheated  by  a  magnetic  field.  When  these  grains  are  irradiated  by  P  beam  or  X  ray,  their  magnetic 
state  changes  from  superconductor  diamagnetism  to  normal  metal.  This  change  can  thus  be  picked  up  by 
a  copper  coil.  The  very  weak  signal  is  then  amplified  by  connecting  it  to  the  HEMT  input  which  is  at 
4.2K,  away  from  the  detector.  The  HEMT's  bias  and  characteristics  are  Vds=l-6Y,  /rfj=2.8mA,  and 
gm=57mS.  An  equivalent  input  noise  level  of  0.12nVWHz  with  a  bandwidth  of  about  2MHz  has  been 
attained.  Moreover,  important  distance  reduction  in  the  connection  between  detector  and  HEMT 
improves  significantly  the  signal  over  noise  ratio.  In  this  way,  the  detector's  electronic  sensibility  has 
been  increased  four  times  [15].  It  must  be  mentioned  that  the  preamplifier  in  this  study  was  initially 
designed  with  Si  JFETs.  It  is  well  known  that  operating  bias  values  for  Si  devices  are  higher  than  for 
GaAs  HEMTs.  Hence,  for  HEMTs,  these  bias  v^ues  can  be  reduced  by  a  specific  configuration  of  the 
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preamplifier.  In  addition,  the  working  temperature  and  the  distance  from  the  detector  can  still  be 
decreased,  therefore  more  sensible  cryoelectronics  by  HEMTs  can  be  expected. 


3.  Conclusions 

In  conclusion,  we  provide  a  first  investigation  of  4.2K  pseudomorphic  HEMTs  for  the  fabrication  of 
low-power,  low-frequency  and  low-noise  ciyoelectronics.  The  preliminary  performance  analysis  from 
our  experiments  suggests  that  the  HEMT  can  be  a  very  promising  device.  This  device  has  excellent 
cryogenic  properties  owing  to  the  high  intrinsic  qualities  of  the  2DEG,  free  from  collapse  and  kink 
effect,  and  very  good  saturation  behaviour  even  at  source-drain  bias  much  lower  than  IV.  A  high 
intrinsic  voltage  gain  of  160  can  be  obtained  with  an  extremely  low  operating  power  supply  of  57pW. 
In  addition  to  the  DC  performances,  this  device  also  shows  a  very  low  input  noise.  A  1/f  noise  of 
1.9nV/VHzat  IkHz,  a  white  noise  smaller  than  O.SnV/VHz,  and  a  very  low  shot  noise  of  O.TbfA/vHz 
can  be  reached  with  a  power  supply  less  than  lOjtW.  In  addition,  a  real  application  in  a  4.2K 
preamplifier  has  demonstrated  an  equivalent  input  noise  level  of  0.12nV/VHz  with  a  bandwidth  of 
2MHz.  These  transistors  can  thus  be  considered  as  good  candidates  for  future  applications  in  low-power 
and  low-frequency  cryoelectronics  from  4.2K  down  to  the  milli-Kelvin  range. 

From  quantum  1/f  noise,  theory,  the  Hooge  parameter  in  GaAs  and  related  III-V  compounds  is  penalised 
by  the  light  electron  effective  mass  and  the  Debye  temperature.  But  the  advantages  of  2DEG  at  4.2K 
overcome  these  unfavourable  aspects  by  more  important  linear  and  exponential  thermal  factor  reduction. 
Although  our  experimental  Hooge  parameter  o:h=5.5x10  ®  at  4.2K  is  about  ten  times  less  than 
measured  in  a  classical  HEMT  at  300K  by  an  another  group  [12],  it  is  still  much  higher  than 
predicted  by  quantum  theory  [13].  Investigations  both  in  theory  and  in  experiment  have  to  be  performed, 
in  order  to  understand  the  theoretical  and  practical  limitations  of  the  1/f  noise  in  cryogenic  HEMTs. 
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Influence  of  backside  doping  on  the  nonlinear  capacitances  of  a 
PHEMT  affecting  the  VCO  frequency  characteristics 
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Abstract  -  A  local  maximum  in  the  Cos(Vgs)  characteristics  of  an  AlGaAs/InGaAs/AlGaAs  PHEMT  is 
both  calculated  by  hydrodynamic  simulations  and  extracted  from  S-parameter  measurements.  It  is  found  by 
simulation  that  the  doping  on  the  backside  of  the  channel  is  the  origin  of  this  behavior.  VCO  measurements 
demonstrated  that  this  Cgs(Vgs)  characteristic  can  result  in  a  partially  reversed  tuning  behavior. 


1.  Introduction 

High  Electron  Mobility  Transistors  (HEMTs)  on  GaAs  substrate  are  becoming  widely  used  for 
Microwave  Monolithic  Integrated  Circuits  (MMlCs)  with  operating  frequencies  up  to  100  GHz.  The 
most  common  pseudomorphic  HEMT,  the  AlGaAs/InGaAs/GaAs  HEMT  without  doping  below  the 
channel  shows  high  cut-off  frequency  but  low  power  capability.  A  second  drawback  is  the  high  output 
conductance  at  short  gate  lengths.  This  is  a  major  limiting  factor  for  high  frequency  performance. 
However,  both  power  capability  and  output  conductance  can  be  improved  by  the  introduction  of  a 
second  AlGaAs  barrier  below  the  channel  which  enhances  the  confinement  of  the  electrons  to  the 
quantum  well.  To  improve  the  power  capability,  the  electron  density  in  the  channel  is  increased  by  a 
doping  in  the  AlGaAs  buffer.  This  doping  also  affects  the  capacitances  of  the  device. 

In  the  present  paper  we  analyze  the  mechanisms  determining  the  gate-source  capacitance  Cos  of 
HEMTs  with  doping  on  the  backside  of  the  channel.  In  contrast  to  HEMTs  without  backside  doping 
these  devices  exhibit  a  local  maximum  in  their  Cos(Vgs)  characteristics.  Measurements  of  VCOs 
employing  this  type  of  HEMT  [1]  show  a  partially  reversed  tuning  behavior  opposite  to  VCOs  with 
HEMTs  without  backside  doping  [2]. 


AIGaAs-Supply  ^elta-Doping 
AIGaAs-Spacer _ 


InGaAs-Channel 

AIGaAs-Buffer 

AIGaAs-Buffer 

Backside-Doping 

GaAs-Substrate 

3  Drain 


Fig.  1.  Schematic  cross  section  of  the  investigated  Fig.  2.  Small  signal  equivalent  circuit  used  for 
HEMT.  parameter  extraction. 


CCC  Code  0-7803-3883-9/98/$10.00  ©  1998  IEEE 


496 


2.  Device  structure  and  simulation 

The  basic  structure  of  the  investigated  HEMT  is  shown  in  Fig.  1.  An  InGaAs  channel  is  sandwiched 
between  two  AlGaAs  barriers.  In  the  barrier  below  the  channel  a  5  nm  thick  layer  with  a  doping 
concentration  of  1.0*10’*  cm’^  is  used.  The  upper  barrier  layer  contains  a  delta  doping  with  a  sheet 
concentration  of  3.6*10'^  cm'^.  The  T-shaped  gate  with  a  footprint  length  Ig  of  120  nm  was 
manufactured  by  optical  stepper  lithography  and  a  side  wall  spacer  process.  Source  and  drain  contacts 
are  self-aligned  to  the  T-gate  [1]. 

The  simulations  were  performed  with  the  hydrodynamic  simulator  MINIMOS-NT  [3].  A 
hydrodynamic  transport  model  was  used  in  the  channel  and  drift  diffusion  in  the  remaining 
semiconductor  layers.  The  simulation  takes  into  account  the  complete  epitaxial  structure,  a  realistic 
device  topology,  i.  e.,  an  approximated  gate  shape,  source  and  drain  contacts  only  on  top  of  the  cap 
layers,  and  passivation  [4]. 


3.  Determination  of  Cgs 

The  device  structure  described  above  enables  us  to  simulate  an  extrinsic  HEMT  but  without 
contacting  network  and  pads.  The  extrinsic  gate  capaeitance  Cgs(Vgs)  was  determined  by  means  of 
the  quasi  static  approximation 

C  (V  F  )  = 

'^csVas’''Ds ) 


dV„ 


(1) 


where  Qg  is  the  total  (negative)  charge  on  the  gate  metal  surface.  Additionally,  small  signal 
parameters  were  extracted  from  S-parameter  measurements  according  to  [5]  using  the  equivalent 
circuit  shown  in  Fig.  2.  The  circuit  includes  parasitic  elements  such  as  pad  capacitances  and 
inductances.  The  quantities  determined  this  way  are  intrinsic  parameters  in  contrast  to  the  Cos 
determined  by  simulation.  To  compare  the  intrinsic  gate  source  capacitance  Cosi  with  the  simulated 
extrinsic  Cos  the  following  approximation  was  used 

Cqs  “  Smi  )^ast  >  (2) 


Fig.  3.  Contributions  to  Cgs  due  to  backside  doping 
(dots),  channel  (short  dashes)  and  upper  barrier  doping 
(long  dashes). 


where  the  intrinsic  transconductance  gmi.  the 
source  resistance  Rs  and  Cosi  are  parameters  of 
the  small  signal  equivalent  circuit  shown  in 
Fig.  2. 

4.  Contributions  to  Cgs 

The  different  contributions  to  Cos  are  sketched 
schematically  in  Fig.  3.  In  HEMTs  with  doping 
only  above  or  in  the  channel,  contributions  of 
channel  and  upper  barrier  doping  sum  up  to  a 
well  known  monotonous  increase  of  Cos  with 
Vgs-  With  an  additional  doping  on  the  backside 
of  the  channel,  a  third  contribution  is  added. 
Depending  on  the  doping  density  and  the 
energy  level  relative  to  the  channel  this  can 


iate  Source  Capacitance  Cqs  [pF/mm] 
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Fig.  4.  Simulated  and  extracted  Cos  of  the  Fig.  5.  Simulated  Cqs  of  the  same  HEMT  but  with 
investigated  HEMT  at  Vds=3.0  V.  different  backside  doping  at  Vds=3.0  V. 


result  in  a  curve  with  a  local  maximum  shown  by  the  bold  line  in  Fig.  3. 

In  Fig.  4.  both  simulated  and  extracted  Cgs(Vgs)  are  shown  which  compare  very  well.  If  Vgs  is 
increased  from  pinchoff  Cos  increases  until  it  reaches  a  maximum.  Both,  simulated  and  extracted  Cos 
show  a  negative  gradient  over  more  than  400  mV  of  Vos  which  is  the  largest  part  of  the  usable  Vqs 
swing  of  the  device. 

Simulations  of  the  same  device  were  performed  where  only  the  backside  doping  Npb  was 
changed.  Fig.  5  proves  that  Nob  is  the  reason  for  the  local  maximum  of  Cgs(Vgs)-  It  demonstrates  the 
dependence  of  the  location  and  magnitude  of  the  maximum  on  the  concentration  of  Nob-  No  local 
maximum  can  be  observed  in  the  case  of  Nob  =  0.  With  increasing  Nob.  the  pinch  off  voltage 
decreases  and  the  local  maximum  in  Cgs(Vgs)  appears.  The  higher  the  contribution  of  Nob  to  the  total 
doping,  the  more  pronounced  is  the  local  maximum  in  the  Cos  curve.  This  behavior  has  an  impact  on 
circuits  with  properties  strongly  dependent  on  the  Cgs(Vgs)  characteristics  such  as  some  types  of 
VCOs, 

5.  VCO  characteristics 


If  a  voltage  controlled  oscillator  (VCO)  is  tuned  directly  by  Vqs  variations,  the  change  in  Cos  is  one 
of  the  most  important  parameters  for  its  frequency  characteristics.  Fig,  6  shows  a  photograph  of  such 


Fig.  6.  Layout  of  the  measured  VCO. 
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a  monolithic  VCO  with  buffer  amplifier  [1].  In  this 
type  of  VCO  the  output  frequency  usually  decreases 
with  increasing  Vos  if  HEMTs  with  doping  only  in 
or  above  the  channel  are  employed  [2],  This  can  be 
different  in  the  same  type  of  VCO  if  backside 
doped  HEMTs  are  used  [1].  The  change  in  the  Cos 
dependence  on  Vos  due  to  the  backside  doping 
changes  the  tuning  behavior.  In  particular,  the 
frequency  response  can  be  reversed  for  a  certain 
interval  of  Vos-  Fig-  7  shows  the  oscillation 
frequency  fosc  and  the  corresponding  Cos  of  the 
HEMT  employed  in  the  VCO,  both  as  a  function  of 
Vgs-  In  this  case  fosc  is  increasing  over  the  whole 
range  in  which  the  VCO  is  oscillating.  This  clearly 
coincides  with  the  range  in  which  Cos  is  decreasing 
with  rising  Vgs-  In  the  case  of  the  measured  VCOs 
no  oscillation  could  be  observed  for  Vos  below  0.2  V  and  above  0.65  V. 

6.  Conclusion 

We  have  reported  a  local  maximum  in  the  Cos  versus  Vos  characteristics  of  HEMTs.  The  same 
behavior  was  observed  for  Cos  extracted  from  S-parameters  as  well  as  for  Cos  obtained  from 
hydrodynamic  simulations.  We  identified  the  doping  on  the  backside  of  the  channel  to  be  the  reason 
of  the  local  maximum.  In  agreement  with  this  result  we  have  measured  VCO  tuning  behavior  opposite 
to  the  one  usually  observed. 
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Fig.  7.  Measured  f^sc  of  the  VCO  versus  the 
tuning  voltage  Vos  and  the  extracted  Cos  of  the 
HEMT  used  in  the  VCO. 
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Abstract.  A  photoinduced  low  frequency  oscillation  (LEO)  is  observed  in  GaAs  MESFETs  under 
microwave  excitation  at  room  temperature.  The  phenomenon  is  a  self-sustained  externally  driven  output  power 
amplitude  modulation  and  occurs  within  a  range  of  light  intensity,  microwave  power  excitation  level,  and 
quiescent  bias  state.  The  oscillation  frequency  depends  on  the  light  intensity  and  microwave  power,  varying 
from  0.1  to  100  Hz.  This  oscillation  phenomenon  is  found  to  be  a  strong  function  of  device  surface  condition. 


1.  Introduction 

Spontaneous  oscillations  have  been  observed  at  low  temperatures  under  the  combination  of  DC  electric 
field  and  photoexcitation  in  undoped  GaAs  [1-3],  or  a  combination  of  DC  and  magnetic  field  in  p-type 
Ge  [4].  These  instabilities  are  commonly  analyzed  within  the  framework  of  the  phenomenological 
impurity  breakdown  model  that  assumes  impact  ionization  of  two  neutral  donor  levels  by  energetic  free 
carriers  that  are  heated  by  the  applied  electric  field  [5].  At  room  temperature,  current  oscillations  in  semi- 
insulating  GaAs  were  also  observed  under  an  applied  DC  electric  field  and  were  attributed  to  deep  levels 
such  as  EL2  at  the  onset  of  trap-filled-limited- voltage  [6-8].  The  similarity  of  the  phenomenon  and  the 
condition  the  phenomenon  occurs  at  low  and  room  temperature  hints  that  a  similar  physical  mechanism 
might  be  operating  in  both  cases. 

In  this  paper,  we  report  a  photoinduced  low  frequency  output  power  oscillation  of  GaAs  MESFET 
devices  at  room  temperature  under  microwave  excitation. 


2.  Experimental  Results  and  Discussions 

Ion  implanted  GaAs  MESFETs  on  LEC  (Liquid-Encapsulated-Czochralski)  substrates  were  used  in  this 
experiment.  The  typical  gate  length  is  0.8  pm,  gate-source  spacing  0.3  pm,  and  gate-drain  spacing  0.7 
pm.  The  device  was  connected  in  a  class  C  common  source  amplifier  configuration  with  a  sinusoidal 
microwave  excitation  of  850  MHz.  Light  from  a  tungsten-halogen  projector  lamp  passing  through  a 
monochromator  illuminated  on  the  top  surface  of  the  device.  The  output  signal  was  measured  by  a  power 
meter  and  by  a  spectrum  analyzer  in  the  time  sweep  mode. 

We  observed  the  instability  of  output  power  as  a  function  of  photoexcitation  intensity  (II)  and  input 
microwave  power  level  (Pnq)-  The  output  power  of  the  device  oscillates  at  a  very  low  frequency,  e.g. 
approximately  1  Hz.  The  oscillation  frequency  increases  with  light  intensity  and  microwave  power, 
whereas  the  magnitude  decreases  with  light  intensity  and  microwave  power,  as  shown  in  Figs.  1  and  2. 
It  was  found  that  this  low  frequency  oscillation  occurs  in  a  certain  range  of  light  intensity  and  microwave 
power  level.  Both  lower  and  upper  excitation  thresholds  exist.  Below  the  lower  excitation  threshold,  or 
above  the  upper  excitation  threshold,  LFO  behavior  disappears. 
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Fig,  1 .  The  low  frequency  oscillation  of  output  power 
at  several  photoexcitation  intensities  (a)  Il=7,  (h)  17,  (c) 
30  (iW/cm^,  Pifj=200  mW,  "tf- 


Fig.  2.  The  low  frequency  oscillation  of  output  power  at 
several  microwave  excitations  (a)  P[[,j=190,  (h)  200,  (c)  208 
mW,  Il=30  pW/cm^,  2,gxc=^b0  nm. 


Fig.  3  shows  a  collection  of  such  oscillation  states  on  the  light  intensity  versus  microwave  power  plane. 
It  can  be  seen  that  the  oscillation  occurs  in  a  very  narrow  range  of  microwave  power  level  from  182  mW 
to  225  mW,  and  light  intensity  from  4  to  34  (iW/cm^.  This  feature  is  very  similar  to  the  phenomenon 
reported  in  Ref.  [2]  which  was  observed  at  a  much  lower  temperature  (2°K). 

The  LFO  is  also  observed  when  the  photoexcitation  energy  is  lower  than  the  band-gap  energy.  There 
is  an  abrupt  increase  in  the  oscillation  frequency  when  the  photoexcitation  energy  reaches  the  band-gap, 
as  seen  in  Fig.  4.  Fig.  4  is  consistent  with  Fig.  1  and  2,  in  that  the  higher  the  excitation  energy,  either  II, 
PjN.  or  Xexc>  higher  the  oscillation  frequency. 

The  LFO  of  output  power  observed  in  this  experiment  is  the  direct  result  of  drain  current  oscillation 
as  verified  by  monitoring  both  output  power  and  drain  current  response  as  a  function  of  time  under  the 
oscillation  condition.  This  is  not  surprising  since  there  have  been  reports  [9-10]  on  the  dc  drain  current 
low  frequency  oscillations  of  GaAs  MESFETs. 
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Fig.  3.  The  low  frequency  oscillation  occurs  in  a  range 
of  light  intensity  and  microwave  power 
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Fig.  4.  The  LFO  frequency  as  a  function  of 
photoexcitation  wavelength  around  band-gap  energy, 
P,N=200  mW,  Il=30  pW/cm^. 
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The  LFO  frequency  depends  on  temperature.  According  to  Ref.  [7],  the  activation  energy  suggests 
that  trapping  and  ionization  of  EL2  and  ELO  produce  the  oscillation.  In  Fig.  5,  we  also  calculated 
activation  energy  from  the  temperature  dependence  of  oscillation  frequency  data,  using  the  same 
technique  as  in  Ref.  [7].  However,  an  activation  energy  of  1.8  eV  larger  than  that  of  EL2/EL0  was 
obtained,  implying  that  band-to-band  impact  ionization  takes  part  in  the  oscillation  process  in  addition 
to  ionization  of  deep  levels. 

A  strong  process  dependence  of  LFO  was  observed.  An  experiment  was  conducted  in  which  the 
surfaces  of  devices  were  subject  to  different  degrees  of  surface  damage  introduced  via  plasma  etch 
process.  Fig.6  is  a  transmission  electron  micrograph  of  the  dielectric/semiconductor  interface  of  a  FET 
showing  damages  induced  by  the  plasma  process.  The  device  with  the  greatest  damage  was  found  to 
have  LFO  when  biased  near  50%  of  Idss,  while  the  device  with  the  surface  protected  from  plasma 
damage  did  not  exhibit  LFO  in  any  of  the  bias  conditions  explored.  The  frequency  of  oscillation  among 
these  devices,  under  similar  bias  conditions,  typically  increases  and  the  amplitude  decreases  as  the 
device  surface  condition  is  improved. 

This  leads  to  our  speculation  that  LFO  in  the  test  device  is  a  result  of  the  interaction  between  surface 
states  and  bulk  traps.  We  postulate  that  injected  carriers  are  trapped  and  build  up  a  space  charge  field  in 
the  bulk  adjacent  to  the  channel.  When  the  field  reaches  a  threshold,  impact  ionization  of  trapped  carriers 
sets  in,  resulting  in  an  increase  of  the  free  carrier  density.  Electrons  generated  by  impact  ionization  move 
toward  the  positive  drain  region,  and  holes  move  toward  the  negative  gate  and  ungated  surface  area 
adjacent  to  the  gate.  There,  holes  combine  with  negative  surface  states  and  relax  the  field  in  the  channel. 
Subsequently,  the  electric  field  drops  below  impact  ionization  threshold,  and  the  carriers  are  to  be 
trapped  again.  This  carriers  trapping  and  ionization  process  is  believed  to  be  tbe  cause  of  drain  current 
oscillation  observed  above. 

When  the  microwave  power  or  equivalently  the  electric  field  is  below  the  lower  threshold  of  LFO, 
impact  ionization  of  the  traps  can  not  be  initiated,  therefore  no  oscillation  occurs.  On  the  other  hand, 
when  the  microwave  power  is  higher  than  the  upper  threshold,  the  population  of  trapped  carriers  is 
significantly  reduced.  The  magnitude  of  ionization  and  trapping  process  becomes  so  small  to  be 
detected.  Above  upper  threshold,  the  current  noise  floor  can  be  dramatically  higher  than  that  below  the 
lower  threshold  due  to  the  amount  of  excited  traps  [11].  The  action  of  light  intensity  on  LFO  can  be 
explained  by  the  similar  argument. 
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Fig.  5.  Arrhenius  plot  of  the  LFO. 
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Fig.  6.  Transmission  electron  micrograph  of  the 
damaged  dielectric/GaAs  interface. 
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3.  Summary 

Photoinduced  low  frequency  oscillation  of  output  power  of  GaAs  MESFETs  under  microwave 
excitation  was  observed  for  the  first  time  at  room  temperature  within  a  range  of  light  intensity  and 
microwave  input  power  level.  The  oscillation  frequency  falls  into  the  range  of  0.1-100  Hz.  The 
phenomenon  may  be  explained  by  the  interaction  between  surface  states  and  bulk  traps  under  trap  impact 
ionization  condition  which  is  generated  by  external  applied  electric  field  and  photoexcitation. 
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Abstract  Delta-doped  InAlAs/InGaAs-HEMTs  were  grown  by  MBE  lattice  matched  on  InP-substrates. 
The  ratio  of  upper  doping  to  lower  doping  was  varied  from  1:0,  4:1,  2:1,  1:1  to  0:1,  while  total  doping 
concentration  was  kept  constant.  By  increasing  the  bottom  doping  concentration,  the  drain  current  is  increased 
and  the  kink  effect  reduced.  Ultimately  the  inversely  doped  transistor  shows  absolutely  no  kink  and  a  very  low 
output  conductance  of  25mS/mm.  These  new  results  offer  a  better  understanding  of  the  kink  effect,  related  to 
the  band  structure  of  the  HEMTs  and  its  dependence  on  doping. 


1.  Introduction 

The  typical  DC  output  characteristics  of  InAlAs/InGaAs-HEMTs  with  sub-|im  gate  length  show  an 
anomalous  increase  in  drain  current  depending  on  drain  source  voltage  (kink  effect).  Several  theories 
for  the  physical  origin  have  been  proposed,  however  no  transistors  with  kink-free  output  characteristics 
have  been  reported.  With  a  single  side  high  doping  concentration  (>710'^cm‘^)  it  is  possible  to 
eliminate  the  kink  in  the  characteristics,  at  the  price  of  a  high  output  conductance,  inferior  diode 
characteristics  and  a  very  high  drain  current  with  a  low  drain  source  breakdown  voltage.  If  the  supply  is 
split  into  an  upper  and  lower  modulation  doping  of  the  channel,  a  reduction  of  the  output  conductance 
can  be  achieved.  For  our  investigations,  we  use  a  low  total  doping  concentration  of  4.5-  lO^^cm'^  and  a 
short  gate  length  of  Lg=150nm,  making  the  HEMT  structures  very  sensitive  to  the  kink  effect.  The 
influence  of  doping  ratio  on  electron  transport  properties  and  device  performance  was  systematically 
investigated. 


2.  Device  Structure  and  Device  Fabrication 

The  layer  sequence  of  the  doubly  doped  HEMT  structure  is  shown  in  Fig.  1 .  For  the  optimization  of  the 
doping  levels,  we  used  the  identical  layer  structure  only  varying  the  concentrations  of  the  upper  and 
lower  6-doping.  Structures  were  grown  by  molecular  beam  epitaxy  on  2-inch  Fe-doped  semi-insulating 
InP  substrates.  The  epilayers  consist  of  250nm  InAlAs  buffer,  followed  by  the  12nm  wide  channel, 
which  is  separated  on  each  side  by  5nm  thick  InAlAs-spacers  from  the  doping.  The  ratio  of  upper 
doping  to  lower  doping  was  varied  from  1:0, 4:1,  2:1, 1:1  to  0:1,  while  total  doping  concentration  was 
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kept  constant  (4.5-lO'^cm'^).  An  additional  very  high  5-doping  underneath  the  60nm  thick  InGaAs  cap- 
layer  reduces  source  and  drain  resistances  [1]  and  compensates  surface  states.  This  doping  does  not 
effect  the  carrier  density  in  the  channel.  T-shaped  gates  of  150nm  length  were  defined  by  electron  beam 
lithography  in  a  two  layer  resist  process.  The  gate  region  was  recessed  by  a  selective  succinic  acid  etch 
and  metallized  with  Ti/Pt/Au. 

n=l*10l’cm-* 
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Fig.  1:  HEMT  layer  structure  Fig.  2:  Dependence  of  sheet  carrier  densities  and  sheet 

conductance  on  faction  of  lower  to  total  doping 
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3.  Tlransport  Properties 

In  Figure  2  the  measured  sheet  densities  and  the  sheet  conductances  are  plotted  versus  the  ratio  of  lower 
to  total  doping  concentration.  To  avoid  conductivity  in  the  cap  layer,  the  complete  60nm  InGaAs  was 
removed  by  a  selective  etch  in  the  same  way  as  the  gate  recess  for  the  HEMTs  was  made.  A  linear 
increase  can  be  observed  for  the  carrier  density  in  the  channel,  as  we  increase  the  lower  doping.  The 
effective  carrier  transfer  goes  from  only  34%  up  to  63%.  The  electrons  from  the  lower  doping  supply 
are  not  influenced  by  the  surface  depletion  and  have  a  higher  affinity  to  the  channel.  The  second  curve 
in  figure  2,  the  sheet  conductance,  shows  the  correlation  between  electron  mobility  and  sheet  density 
depending  on  the  doping  distribution.  Here  the  curve  shows  a  broad  maximum.  The  reason  for  this  is 
the  decrease  of  electron  mobility  from  8500  cm^Afs  for  a  ratio  of  1:0  to  6400  cm^A/s  for  the  inversely 
doped  structure.  This  is  due  to  silicon  segregation  at  470°C  growth  temperature  from  the  lower 
5-doping  into  the  channel.  The  structure  with  the  ratio  1:1,  that  is  near  the  maximum  of  this  curve  seems 
to  be  a  good  compromise  for  high  electron  mobility  and  high  carrier  density,  adequate  to  achieve  good 
transistor  performance. 


4.  DC  Characteristics 

We  measured  the  IV  characteristics  of  these  HEMT  structures  and  indeed  a  distinct  kink  behaviour  is 
revealed  (Fig.  3).  The  strongest  kink  can  be  observed  in  single  side  upper  doped  structure  (a).  By 
increasing  the  lower  doping  concentration,  the  drain  current  increases  and  the  kink  effect  is  reduced. 
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Ultimately  the  1:1  doped  (d)  and  the  inversely  doped  (e)  transistors  show  absolutely  no  kink  and  a  very 
low  output  conductance  of  50  mS/mm  and  25  mS/mm.  All  transistors  show  for  all  doping  ratios  a  good 
pinchoff  characteristic  even  for  the  inversely  doped  sample.  That  is  a  strong  indication,  that  the 
conduction  band  offset  in  the  buffer  is  quite  high.  The  values  for  the  threshold  voltages  decrease  from 
-0.45  V  for  structure  (a)  to  -0.7  V  for  structure  (c)  and  (d).  Simultaneously  the  Schottky  diode 
characteristics  changed  drastically,  although  the  surface  treatment  with  our  selective  gate  recess  is  the 
same.  The  forward  breakdown  voltage  (ImA/mm)  increases  monotonously  from  0.40V  for  1:0  to  0.48V 
for  1:1  doping  ratio,  but  for  the  inversely  doped  transistor  the  breakdown  voltage  increases  dramatically 
by  a  factor  of  two  (0.83V).  While  the  barrier  height  d>B  shows  only  a  light  increase  (0.47  to  0.53  eV), 
the  ideality  factor  n  increases  from  the  1:1  doped  to  the  inversely  doped  transistor  from  1.35  to  2.34. 
Obviously  the  diode  characteristic  is  changed  from  a  1/kT-like  to  a  l/2kT-  like  dependence.  This  could 
be  due  to  a  recombination  current  via  the  InGaAs-channel. 


drain  source  voltage  [V]  drain  source  voltage  [V] 


Fig.  3  :  IV  characteristics  of 
HEMT  structures  with 
different  upper  to  lower 
doping  ratios,  gate  length 
is  isOnm 

a)  1:0 

b)  4:1 

c)  2: 1 

d)  1  : 1 

e)  0:1 

Vqs  =  OV  is  marked 
AVgs  =  0.25  V. 


The  rV-behaviour  of  the  kink  effect  can  be  very  well  described  by  a  simple  equivalent  circuit  (Fig.  4). 
Here  tbe  function  of  the  transistor  is  divided  into  two  parts.  The  first  branch,  in  which  the  transistor  is 
marked  with  T^,,  represents  the  main  transistor,  in  which  the  major  part  of  drain  current  flows.  The 
second  part  (Tj)  can  be  described  as  an  additional  current  flow,  like  a  transfer  current,  which  is 
controlled  by  a  diode  and  a  resistance.  If  a  drain  voltage  is  applied,  the  main  transistor  is  immediately 
open  whereas  in  the  second  branch  no  current  flows  because  the  diode  is  closed.  By  a  further  increase  of 
the  voltage  the  diode  is  open  and  an  additional  current  flow  causes  the  kink  in  the  IV  characteristic.  The 
transfer  resistance  Rj  influences  the  magnitude  of  the  kink.  A  low  resistance  leads  to  a  distinct  kink,  on 
the  contrary  by  a  high  resistance  makes  the  second  part  ineffective.  Although  in  this  model  the  HEMT  is 
divided  in  two  transistors  with  the  same  gate  voltage  applied,  this  does  not  mean  that  there  are  two 
separated  current  paths  or  channels.  We  believe,  that  the  low  Schottky  barrier  to  tbe  surface  and  high 
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band  offset  between  Fermi  level  and  conduction  band  in  the  buffer  tilts  the  band  structure  to  the  surface. 
The  consequence  of  this  is  an  incomplete  carrier  transfer  from  the  upper  doped  region  to  the  channel. 
Only  an  increasing  drain  voltage  can  effect  a  carrier  transfer  to  the  channel.  This  explains  the  high 
output  conductance  and  the  threshold  voltage  shift  by  increasing  drain  voltages. 


Fig.  4:  Equivalent  circuit  for  kink  effect  description  Fig.  5;  IV  characteristic  of  a  single  side  upper  doped 

metamorphic  InGaAs/InAlAs  HEMT 


5.  Discussion  and  Conclusion 


In  order  to  understand  the  observed  improvements  in  the  IV  characteristics  due  to  the  lower  5-doping, 
we  changed  the  buffer  design  with  the  aim  to  reduce  the  conduction  band  offset.  For  this  purpose  we 
used  a  single  side  doped  metamorphic  HEMT  structure  on  GaAs  with  exactly  the  same  active  layers 
(Fig.  1)  as  the  lattice  matched  structures  on  InP.  The  lattice  mismatch  was  accomondated  by  a  linearly 
graded  InGaAlAs  buffer  with  an  additional  overshoot  in  the  In-content  of  1 1%  followed  by  250nm  low 
temperature  InAlAs  layer  [2].  From  buffer  leakage  measurements  we  conclude  that  the  conduction  band 
offset  in  the  metamorphic  sample  is  much  lower  than  in  the  lattice  matched  structures  with  the  different 
doping  ratios.  For  this  metamorphic  structure  the  values  for  sheet  density  and  sheet  conductance  in 
Fig.  2  (open  circle  and  triangle)  are  evident  better  than  of  those  of  lattice  matched  structures.  The  IV 
characteristic  of  a  single  upper  side  doped  metamorphic  HEMT  show  excellent  performance  without 
any  kink,  low  source  and  drain  resistances  and  a  transconductance  of  lOOOmS/mm  (Fig.  5). 

From  the  above  results  it  shows  that  the  optimization  of  the  doping  levels  can  improve  the  device 
performance.  We  also  learn  that  the  position  of  the  Fermi  level  in  the  buffer  has  a  significant  influence 
on  sheet  carrier  density  and  on  the  DC  performance  of  InGaAs/InAl As  HEMTs.  A  lower  doped  HEMT 
structure  or  a  changed  buffer  design,  with  low  conduction  band  offset,  can  achieve  the  same 
improvements.  The  good  correlation  with  the  kink  effect  confirms,  that  the  anomalous  increase  in  drain 
current  is  an  consequence  of  incomplete  carrier  transport  from  the  doped  region  to  the  channel. 
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500°C  Operation  of  GaAs  Based  HFET  Containing  Low 
Temperature  Grown  GaAs  and  AlGaAs 
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Abstract.  A  novel  FET  concept  has  been  developed  to  overcome  the  limitations  of  conventional  GaAs 
based  devices  operating  at  high  temperature.  Due  to  the  replacement  of  the  Schottky  gate  control  diode  by  a 
heterojunction,  containing  AlAs  and  LTG  AlGaAs,  and  the  use  of  low  temperature  grown  GaAs  as  buffer 
layer  material,  high  thermal  stability  in  the  electrical  performance  could  be  obtained.  The  device  shows  DC 
operation  up  to  500°C  with  essentially  unchanged  characteristics.  On  wafer  microwave  measurements  were 
carried  out  up  to  200°C.  Whereas  fp  remains  essentially  unchanged  the  fmax/fx  ■'ntio  decreases  steadily. 
Though  standard  contact  metallization  was  used,  destructive  degradation  occured  not  before  570°C. 


1.  Introduction 

GaAs  based  devices  are  suitable  for  operation  at  elevated  temperatures  due  to  the  higher  band  gap  of 
GaAs  as  compared  to  silicon.  However,  device  performance  usually  deteriorates  at  high  temperatures 
due  to  the  reduction  of  carrier  mobility,  peak  velocity  and  the  degradation  of  the  contacts  used,  and  result 
already  at  moderate  heating  in  reduced  power  gain  and  ouput  power  and  a  higher  noise  [1,2].  In  this 
study,  a  novel  approach  to  avoid  high  temperature  degradation  was  investigated.  Since  the  reduction  of 
the  high  field  velocity  in  GaAs  at  high  temperatures  is  comparatively  small  [3],  this  device  is  designed  to 
operate  in  the  high  field  velocity  region  to  improve  the  temperature  degradation  of  the  cut-off 
frequencies. 

We  have  realized  an  FET  concept  with  a  LTG  AlGaAs/ AlAs  heterojunction  as  control  diode  to 
avoid  problems  encountered  with  conventional  metal  semiconductor  Schottky  gate  diodes.  Low 
temperature  grown  layers  were  also  incorporated  to  avoid  buffer  leakage  and  AlAs  to  prevent  contact 
diffusion. 

2.  Device  Concept 

Operation  of  GaAs  based  devices  at  high  temperature  normally  leads  to  a  strongly  reduced  output  current 
density  [1]  due  to  a  reduction  of  carrier  mobility  and  peak  velocity.  Since  the  high  field  velocity  remains 
largely  unchanged  up  to  high  temperatures  [3],  a  device  concept  has  been  designed  to  ensure  operation  in 
the  high  field  velocity  region  and  current  confinement  to  a  narrow  channel.  The  gate  length  of  the  device 
is  Ipm,  thus  velocity  overshoot  should  be  neglectible.  Additionally,  we  have  incorporated  a  low 
temperature  grown  (LTG)  AlGaAs  passivation  layer  and  a  LTG  GaAs  buffer  for  confinement  of  the 
carriers  to  the  n-doped  GaAs  channel. 

Low  temperature  grown  GaAs  and  AlGaAs  contain  a  high  amount  of  surplus  As  found  on 
interstitials  and  antisites.  Upon  annealing  at  elevated  temperatures,  the  excess  As  precipitates  into 
clusters  in  case  the  density  of  surplus  As  is  sufficiently  high.  These  metallic  clusters  act  as  buried 
Schottky  barriers,  depleting  the  entire  material.  Therefore,  annealed  LTG  GaAs  is  highly  resistive  and 
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may  be  used  as  a  buffer  layer  to  reduce  buffer  leakage  and  therefore  output  conductance  up  to  high 
temperatures. 

Since  the  As  concentration  in  LTG  AlGaAs  is  lower  as  compared  to  LTG  GaAs,  As  precipitation 
into  clusters  is  not  expected  in  the  LTG  AlGaAs  surface  layer,  when  annealed.  Thus,  this  layer  remains 
in  its  lossy  dielectric  state,  leading  to  a  reduced  feedback  capacitance  due  to  a  gate  to  drain  lateral  field 
redistribution  resulting  in  an  expansion  of  the  drift  region  [4,5],  as  seen  in  the  high  f^ax  value.  This  is 
important  for  high  frequency  operation  at  high  temperatures  where  additional  feedback  is  expected  from 
increased  conductance  of  the  buffer  and  passivation  layers  [6].  The  expansion  of  the  drift  region  should 
also  lead  to  a  high  field  velocity  dominated  carrier  transport. 

High  temperature  operation  of  conventional  GaAs  based  devices  is  also  limited  by  contact 
degradation,  especially  interdiffusion.  Therefore,  a  diffusion  barrier  is  highly  desired  within  the  contact 
system  to  stabilize  the  contact  alloy  region.  Here,  thin  AlAs  layers  have  been  used  to  restrict  the  alloying 
depth  of  the  contacts.  At  the  gate,  the  AlAs  barrier  is  placed  between  the  LTG  AlGaAs  passivation  and 
the  channel  layer  and  it  is  believed  that  the  AlAs/GaAs  junction  acts  as  the  contact,  because  no  Schottky 
barrier  is  formed  at  the  interface  between  the  surface  LT-AlGaAs  layer  and  gate  contact  metallization  due 
to  the  high  defect  concentration.  Additionally,  the  Ti  Schottky  metallization  will  penetrate  into  the  LTG 
AlGaAs  layer  upon  temperature  stressing,  forming  a  stable  Ti:Al:As  alloy.  Because  the  barrier 
modulating  the  channel  current  is  formed  at  the  AlAs/channel  interface,  no  effect  on  the  device  properties 
has  been  observed.  To  implement  this  concept,  the  entire  gate  metallization  consisted  of  Ti/Pt/Au. 

The  second  AlAs  diffusion  barrier  positioned  below  the  channel  is  used  to  prevent  uncontroled 
diffusion  of  the  ohmic  contact  materials  into  the  buffer. 


3.  Device  structure  and  technology 

The  device  was  fabricated  using  a  standard  MBE  system.  Figure  1  shows  the  cross  section  of  the  device 
structure. 

A  600  nm  thick  GaAs  buffer  layer  was  grown  at  a  temperature  of  approx.  300°C.  On  top  of  this 
buffer  layer,  a  20  nm  thick  AlAs  layer  was  incorporated  as  a  diffusion  barrier  for  As  outdiffusion  into 
the  channel,  to  restrict  the  alloying  depth  of  the  ohmic  contacts  and  to  prevent  spiking.  Next,  the  65  nm 
thick,  silicon  doped  GaAs  channel  was  grown.  Doping  concentration  was  8x10' '  cm'^.  The  10  nm  thick 
AlAs  diffusion  barrier,  grown  on  top  of  the  channel,  acts  as  a  barrier  for  outdiffusion  of  As  from  the  LT- 
AlGaAs  cap  layer  and  as  a  stop  layer  for  gate  contact  interdiffusion,  as  described  above.  The 
Alo  sGao  7 As  top  layer  was  40  nm  thick.  The  channel  layer  and  diffusion  barriers  were  grown  at  approx. 
600'°C. 

The  technology  for  device  fabrication  was  a  conventional  sequence  of  mesa  isolation  by  wet 
etching  and  contact  deposition  by  e-beam  evaporation  of  Ni/Au/Ge/Ni  and  Ti/Pt/Au  for  ohmic  and 
Schottky  gate  contacts,  respectively.  Ni/Au/Ge  based  contacts  are  known  to  have  a  limited  high 
temperature  stability  [7]  but  still  can  be  used  in  this  concept.  Nevertheless,  for  further  improvements. 


Ti/Pt/Au 

Gate 


40nm  LT-AlGaAs 


lOnm  AlAs 


Ni/Ge/Au 

Drain 


65nm  GaAs:  Si 


8-10*’^cm-3 


20nm  AlAs  Diffusion  Barrier 


600nm  LT-GaAs  Buffer 


Figure  1 :  Cross  section  of  the  device  structure 


Figure  2:  Characteristic  of  the  input  diode 
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refractory  materials  should  be  employed  [7],  The  ohmic  contacts  were  deposited  into  contact  windows 
etched  through  the  AlGaAs  and  AlAs  layer  and  then  alloyed  directly  into  the  channel.  The  Ti  gate  was 
deposited  on  top  of  the  AlGaAs  layer,  forming  Ti:Al:As  upon  annealing. 

The  devices  were  not  passivated,  thus  long  time  stability  at  high  temperatures  is  not  expected  due 
to  decomposition  of  GaAs  and  AlGaAs. 

4.  Results 

4.1  Input  diode  characteristics 

To  modulate  the  channel  the  gate  input  diode  must  sustain  rectification  behaviour  up  to  high 
temperatures.  Therefore  the  IV-characteristics  of  the  input  diode  was  measured  up  to  a  temperature  of 
570°C  in  a  vacuum  chamber.  The  vacuum  is  necessary  to  prevent  corrosion  of  the  unpassivated  AlGaAs 
surface.  Figure  2  shows  the  characteristic  of  the  gate  source  input  diode  in  the  temperature  range 
between  20°C  and  540°C.  As  can  be  seen,  the  characteristic  remains  essentially  unchanged  up  to  a 
temperature  of  approx.  500°C.  Reverse  currents  can  also  be  tolerated  for  FET  operation  up  to  500°C. 
Only  at  540°C,  the  gate  diode  becomes  conductive.  However  the  device  does  not  degrade  permanently  at 
540°C,  the  original  characteristics  can  be  restored  upon  cooling.  The  diode  was  found  to  degrade 
irreversibly  at  570°C. 

4.2  FET  characteristics 

4.2.1  DC  characteristics.  Figure  3  and  4  show  the  DC  output  characteristics  of  a  FET  at  R.T.  and  500°C, 
respectively.  An  open  channel  drain  current  of  380mA/mm  is  obtained  at  Vg=+1  V  for  R.T.  operation. 
Increasing  the  temperature  to  500°C  leads  to  a  reduction  of  the  drain  current  by  only  10%  to  350mA/min. 
This  reduction  is  extremely  low  compared  to  data  found  in  literature  [1].  No  noticeable  leakage  current  is 
observed  at  pinch  off  up  to  400°C.  This  is  attributed  to  the  use  of  the  highly  resistive  low  temperature 
grown  buffer  layer.  Only  at  500°C  a  leakage  current  of  about  1.5%  of  the  maximum  current  can  be 
found,  probably  due  to  thermally  activated  carriers  in  the  buffer  layer.  The  threshold  voltage  remains 
unchanged,  indicating  a  good  carrier  confinement  to  the  channel  even  at  500°C.  The  negative  slope  in  the 
R.T.  output  characteristic  is  believed  to  be  a  measurement  artifact  related  to  the  high  output  resistance 
(see  below)  and  not  to  self-heating. 

4.2.1  High  frequency  characteristics.  To  determine  the  high  frequency  performance,  the  temperature 
dependent  s-Parameters  were  measured  at  various  bias  points.  Since  an  on-wafer  measurement  setup 


Figure  3:  DC  Characteristics  at  20°C 
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Figure  4:  DC  Characteristics  at  500°C 
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Drain  Current  (mA/mm)  Drain  Voltage  (V) 


Figure  5;  Drain  current  dependence  of  ft  and  Figure  6:  Drain  voltage  dependence  of  ft  and 
fmax  at  different  temperatures  (Vds=4V)  fmax  at  different  temperatures  (Vgs=-0.5V) 

with  a  temperature  limit  of  200°C  was  used,  the  temperature  range  was  from  25°C  to  200°C.  The  current 
gain  cut-off  frequency  fj  and  the  maximum  frequency  of  oscillation  fmax  were  extracted  representative  of 
the  power  gain  and  switching  characteristics.  Figures  5  and  6  show  the  drain  current  and  drain  voltage 
dependence  of  fx  and  fmax  at  different  temperatures.  In  contrast  to  previous  results  reported  in  the 
literature  [2],  the  current  gain  cut-off  frequency  is  nearly  temperature  independent.  However,  the 
maximum  frequency  of  oscillation  decreases  with  increasing  temperature.  By  extracting  the  small  signal 
equivalent  circuit  elements  this  was  found  to  be  caused  by  an  increase  of  the  output  conductance  of  50%, 
probably  due  to  a  higher  conductivity  in  the  LT-AlGaAs  and  LT-GaAs  passivation  and  buffer  layer  [6]. 
The  slight  reduction  in  fj  results  from  a  slight  reduction  of  gm-  Nevertheless,  it  should  be  noted,  that  at  a 
temperature  of  200°C  the  fmax/ft  ratio  is  still  more  than  2  for  il  bias  points  in  saturation. 

5.  Conclusion 

A  novel  device  structure  has  been  shown,  which  is  able  to  overcome  the  up  to  date  limitations  of  other 
GaAs  based  high  temperature  device  structures.  500°C  operation  of  a  GaAs  based  HFET  has  been 
demonstrated  using  conventional  contact  materials.  High  frequency  on-wafer  measurements  up  to  200°C 
are  reported,  showing  an  fmax^fx  ratio  of  more  than  2  even  at  200°C  and  no  essential  change  in  fx.  The 
main  parameter  responsible  for  the  change  is  an  increase  in  output  conductance.  The  DC  characteristic 
remains  essentially  unchanged  up  to  500°C.  At  570°C  the  device  degrades  irreversibly,  probably  due  to  a 
degradation  of  the  ohmic  contacts.  This  degradation  may  be  avoided  by  using  refractory  contact 
materials. 
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Ultra  Low  Power  (<2mW)  Noise 
Performance  of  InGaP/GaAs  HBT 

D.  W.  Barlage,  M.  S.  Heins,  J.  H.  Mu,  M.  T.  Fresina,  D.  A.  Ahmari, 
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Abstract:  The  noise  parameters  of  Npn  InGaP/GaAs  HBT  devices  are  reported  for  an  array  of  bias 

conditions  from  2-18  GHz.  A  minimum  noise  figure  of  0.8  dB  with  associated  gain  of  16  dB  at  2  GHz 
was  achieved  at  a  collector  bias  of  0.83mA  and  a  collector-emitter  voltage  of  2V.  This  was  achieved  by 
a  device  with  emitter  area  of  3xl0|im^.  A  model  is  also  presented  that  is  used  to  compare  measured  and 
theoretical  results.  The  low  power  consumption,  high  associated  gain,  low  equivalent  noise  resistance, 
and  variable  optimum  noise  match  coupled  with  an  excellent  degree  of  linearity  [1]  makes  the 
InGaP/GaAs  HBT  an  ideal  candidate  for  low  noise  amplifiers  (2-6GHz)  with  minimal  power 
consumption. 

TnirnHiirtinn-  Portable,  battery  operated  circuit  applications  require  devices  that  provide  minimum 
noise  figure  and  maximum  linearity  with  minimal  power  consumption.  In  particular,  CDMA  and  PCM 
CIA  communication  applications  call  for  these  components  to  be  designed  for  2.4  and  5.8  GHz.  By 
carefully  selecting  the  device  emitter  area  and  bias  condition,  the  topology  of  the  matching  network  and 
associated  loss  and  added  noise  can  be  minimized  [2].  InGaP/GaAs  HBTs  have  lower  number  of 
recombination  centers  in  the  emitter-base  junction  and  subsequently  exhibit  lower  1/f  noise  than 
comparable  AlGaAs/GaAs  HBTs.  In  fact  the  1/f  noise  performance  is  comparable  to  that  of  silicon 
based  BJTs  [3,4].  The  high  frequency  noise  performance  is  improved  with  the  InGaP/GaAs  HBT 
compared  to  silicon  through  superior  gain  at  microwave  frequencies  which  is  the  direct  result  of  a 
shorter  emitter-collector  transition  time.  We  believe  that  the  minimum  noise  figure  presented  in  this 
work  is  among  the  lowest  achieved  for  a  bipolar  technology  in  this  frequency  band. 

Device  Fabrif-atinn  and  Measurement:  The  devices  were  fabricated  and  measured  as  described  in 

[5].  Lower  recombination  current  in  the  base-emitter  junction  from  enhancements  in  material  growth 
and  lower  base  resistance  through  improvements  in  processing  have  contributed  to  minor  improvements 
in  overall  noise  performance  over  previously  reported  results.  All  of  the  devices  tested  had  a  current 
gain  of  approximately  fifty.  Devices  with  3xl0|im^,  3x5|im  ,  3x20pm  ,  2x3xl0pm  ,  3x40pm  ,  and 
8x3x5|im^  emitter  areas  were  used  for  this  study.  Results  are  reported  for  the  3xl0(im  device  which 
achieved  the  best  noise  performance  of  the  devices  tested. 

MnHplinp-  The  simplest  form  of  the  equivalent  circuit  for  the  HBT  is  shown  in  Figure  1.  The  shot 
noise  current  is  simply  determined  from  an  examination  of  each  junction  within  the  transistor  [6].  The 
relation  of  the  noise  currents  to  the  bias  currOTts  is  given  below: 

i'i=lqh¥  W- 

>1  =  +2/BE  +2/ac) 
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Under  forward  bias  operation  the  base- 
emitter  and  base-coUector  space  charge 
recombination  current,  Ibe  and  Ibc,  can  be 
neglected.  While  no  hole  current  flows 
across  the  base  junction  for  the  HBTs  in 
this  study,  the  base  current  still  exhibits  shot 
noise  from  the  electrons  with  which  they 
recombine.  The  correlation  of  the  currents 
is  also  determined  from  the  equivalent 
circuit  model.  This  current  is  from  the 
portion  of  current  that  the  base  and 
collector  have  in  common.  This  correlation 
current  spectral  density  is  given  as  follows 
=  [3], 


Figure  1  The  noise  model  of  the  HBT  in  the  as-tested 

configuration.  The  emitter,  collector  and  base  terminal  resistance 
contribute  additional  sources  of  noise. 


This  correlation  current  is  ordinarily  very  small.  However,  when  operating  the  device  at  moderate 


microwave  frequencies,  the  displacement  current  due  to  the  base  collector  capacitance  can  become 


significant.  The  correlation  factor  will  take  a  form  as  given  below: 


[4]. 


This  correlation  factor  is  shown  to  take  a  frequency  dependent  form  but  the  input  power  and  bias 

current  dependence  have  not  been  verified. 


In  addition  to  the  noise  currents 
across  junctions,  the  series  resistance  at 
each  terminal  can  contribute  a  significant 
amount  of  noise  power.  This  resistance  will 
contribute  noise  according  to  the  Johnson 
relation 

[5], 

It  is  important  that  the  noise  temperature  is 
determined  from  a  self  heating  model  and 
not  the  ambient  temperature.  The 
temperature  of  the  device  for  calculation  of 
the  Johnson  noise  was  determined  from  the 
measured  thermal  resistance  and  from  the 
power  dissipated  across  the  device.  The 
temperature  of  the  device  is  related  to  the 
power  through  the  following  relation: 

T=R^P^  +  T,  [6]. 

This  played  a  significant  role  in  the 
determination  of  the  equivalent  noise 
resistance. 


Figure  2  Plots  of  the  measured  and  simulated  values  of 

minimum  noise  figure  F„i,  and  associated  Gain  G„  (a),  equivalent 
noise  resistance  R,  (b),  and  optimum  noise  match  r„p,  (c). 


Measurement  and  Analysis:  The  noise 
parameters  were  measured  using  a  Cascade 
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Ie(tnA) 


Ic(mA) 


Microtech  2-18  GHz  noise  parameter  test  set, 
an  Hewlett  Packard  851  OB  network  analyzer 
and  a  Hewlett  Packard  4145  for  bias.  The 
noise  parameters  are  shown  with  modeled 
data  in  Figure  2  for  different  currents  at  a 
collector-emitter  bias  of  2V.  The  modeled 
data  agrees  well  with  the  measured  data.  All 
model  parameters  came  from  analysis  from 
the  bias  conditions  and  from  the  measured  S- 
Parameters  [7],  The  only  optimized 
parameter  in  the  model  was  the  correlation 
factor.  The  frequency  dependent  form  of  the 
correlation  factor  was  assumed  and 
subsequently  verified. 

As  a  fimction  of  current,  both  the  shot 


Figure  3  Measured  minimum  noise  figure  vs.  collector  noise  increases  and  the  thermal  noise  will 

current  at  2  and  6  GHz  for  a  3xl0nm^  device:  (a)  and  G„  vs.  increase  due  to  self-heating.  The  correlation 
collector  current,  (b)  Fop,  vs.  collector  current  and  (c)  R„  vs.  factor  will  also  decrease  with  respect  to 
collector  current.  current;  this  will  tend  to  increase  the  overall 

device  noise  for  devices  operating  at  large  currents.  This  indicates  that  the  optimum  bias  condition  for 
the  devices  is  at  low  current  levels.  However,  there  will  be  a  current  when  this  is  no  longer  true  [8-11]. 
In  particular  the  noise  resistance  is  minimized  at  a  particular  current  while  the  minimum  noise  figure 
continues  to  decrease  with  lower  bias  currents.  The  gain  of  the  device  will  also  decrease  significantly  as 
the  current  is  decreased.  Plots  of  the  minimum  noise  figures,  associated  gain,  equivalent  noise 
resistance  vs.  current  are  shown  in  Figure  3  for  the  3x10  pm^  device. 

When  the  noise  figure  is  plotted  against  the  collector-emitter  voltage.  Figure  4,  the  noise  figure 
shows  a  small  but  steady  increase.  This  increase  is  accentuated  for  higher  currents.  The  associated 
gain,  also  plotted  in  Figure  4,  shows  a  slight  decrease  .  The  optimum  matching  condition  changes  little 
with  respect  to  voltage.  The  equivalent  noise  resistance  increases  as  the  voltage  is  increased.  This  is 
because  the  equivalent  noise  resistance  is  directly  dependent  on  the  noise  power  at  the  input  terminal. 
This  is  largely  due  the  Johnson  noise  of  the  emitter  and  base  resistance.  The  measured  temperature  is 
plotted  with  the  equivalent  noise  resistance  of  the 
device  in  Figure  5.  The  equivalent  noise  ' 

resistance  and  the  temperature  go  up  comparably  ’ 

with  applied  voltage.  All  of  the  temperature  ' 
dependence  of  the  noise  parameters  have  been  ^  » 
included  in  the  small  signal  noise  model.  “s  < 

As  the  size  of  the  device  changes  so  will  ""  , 

the  noise  parameters.  For  a  given  frequency  ,, 
range  there  should  be  an  optimum  device  size  to  , 
produce  minimum  noise  figure  and  optimum 
noise  match  [11],  The  greatest  difference  i  j  3  *  s'" 

between  a  larger  device  and  a  smaller  device  is 

that  a  large  device  exhibits  very  small  parasitic  Figure  4  Measured  F„,i„  minimum  noise  figure  and 

resistance  at  the  terminals.  The  large  junction  associated  gain  'G„  vs.  collector-emitter  voltage  at  2  GHz 

for  a  3x10  device  for  multiple  base  bias  currents. 
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areas  also  bring  about  large  parasitic  capacitance 
values.  This  reduces  associated  gain  and, 
subsequently,  the  noise  figure  rises  under  very 
low  bias  conditions.  This  only  applies  for  the 
lowest  bias  conditions.  For  moderate  values  of 
associated  gain,  the  noise  figure  is  always  lower 
for  a  large  area  device  due  to  the  lower  terminal 
resistance.  Of  the  devices  tested,  the  device  with 
emitter  area  of  3xl0jim^  exhibited  the  best 
overall  performance. 

Results  and  Conclusions:  Excellent  noise 

performance  has  been  reported.  A  minimum  Figure  5  Measured  equivalent  noise  resistance  and 

noise  figure  of  0.8  dB  with  associated  gain  of  operating  temperature  of  the  d^ce  vs.  collector-emitter 
16  dB  at  2  GHz  was  achieved  at  a  coUector  bias  f 

of  0.83  mA  and  a  collector-emitter  voltage  of 

2  V.  A  noise  model  was  presented.  The  incorporation  of  self-heating  effects  is  critical  to  the  accurate 
simulation  of  noise  for  the  full  range  of  biases  of  the  transistor.  The  correlation  coeflBcient  is 
apparently  both  bias  and  input  power  dependent.  It  is  clearly  linearly  fi'equency  dependent  and 
imaginary.  One  theoretical  explanation  was  given  based  on  the  total  current  flowing  through  the  base 
collector  junction  by  means  of  the  depletion  capacitance.  The  bias  dependence  of  the  correlation 
coefficient  has  not  been  clearly  determined. 

The  noise  measurements  for  a  range  of  biases  displayed  the  complex  nature  of  the  noise  figure, 
equivalent  noise  resistance,  and  the  optimum  matching  condition.  The  correlation  factor  between  the 
collector  and  base  current  played  a  large  role.  The  larger  area  devices  displayed  lower  noise  figures  but 
smaller  associated  gains.  There  was  a  trade-off  between  lower  resistance  and  larger  depletion 
capacitance.  The  lower  current  noise  figures  did  not  scale  exactly  as  the  area.  Shot  noise  placed  an 
absolute  dependence  on  the  noise  with  respect  to  current,  and  thus  limited  the  scaling  of  the  noise  figure 
as  area  increased  at  small  currents. 
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Abstract  We  present,  for  the  first  time,  measured  data  pertaining  the  microwave  performance  and 
characterization  of  a  X6  (127->762MHz)  active  frequency  multiplier  (FM),  based  on  AlInAs/GalnAs/InP 
double  heterostructure  bipolar  transistor  (DHBT)  and  AlAs/lnGaAs  resonant  tunneling  diode  (RTD)  active 
devices.  At  +23°C  and  a  nominal  input  power  of  -3  dBm,  the  X6  DHBT/RTD  multiplier  exhibits  a 
conversion  gain  of  +1  dB,  a  power  dissipation  of  22  mW,  a  dc  efficiency  of  3%,  and  an  overall  0  to  dO^C 
output  power  variation  of  0.7  dB.  The  rich  output  harmonic  content  makes  the  DHBT/RTD  combination  a 
prime  candidate  for  high-order  multiplication  applications. 


1.  Introduction 

As  user  demand  for  ever  more  powerful  wireless  products  is  expected  to  continue  for  the  foreseeable 
future  [1],  research  on  device  and  systems  technologies  with  the  potential  to  reconcile  conflicting 
expectations,  such  as,  portability  and  low  cost,  together  with  unprecedented  levels  of  functionality, 
flexibility  and  sophistication,  must  be  vigorously  pursued.  In  the  current  industrial  R&D  climate, 
however,  it  is  imperative  that  the  first  fruits  of  such  research  be  exploited  soon  after  they  become 
available.  Because  of  their  small  size  and  radical  operating  principles,  quantum  devices  (QDs)  have 
demonstrated  the  potential  for  highest  speed/lowest  power-consumption  operation  [2],  and  these 
properties  are  expected  to  be  exhibited  by  the  conventional  circuit/system  functions  employing  them. 
Within  the  realm  of  QD’s,  the  ability  to  successfully  operate  at  both  low  and  high  temperature,  together 
with  their  relative  maturity,  singles  out  resonant  tuimeling  diodes  (RTDs)  as  prime  candidates  for 
wireless  products.  In  particular,  the  highly-nonlinear  current-voltage  characteristic  of  RTDs,  is 
expected  to  enable  power-efficient  high-order  frequency  multiplication,  a  function  that  is  ubiquitous  in 
the  frequency  synthesis  section  of  wireless  systems.  In  this  paper  we  present,  for  the  first  time, 
measured  data  pertaining  the  microwave  performance  and  characterization  of  a  X6  (127->762  MHz) 
active  frequency  multiplier  (FM),  based  on  AlInAs/GalnAs/InP  double  heterostructure  bipolar 
transistor  (DHBT)  and  AlAsAnGaAs  resonant  tunneling  diode  active  devices,  for  utilization  in  power- 
efficient  local  oscillator  (LO)  chains  in  future  wireless  communications  applications. 


2.  Approach 

The  potential  of  DHBTs  as  active  RF  and  microwave  frequency  multipliers  has  been  recently 
demonstrated  [3].  While  the  conversion  efficiency  of  these  FMs  is  greatly  enhanced  by  the  high  fj 
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germane  to  these  devices,  the  non-exponential  nature  of  their  Ic^BE  characteristic,  which  results 
from  incomplete  grading  of  the  base-collector  conduction  band  discontinuity  [4],  limits  the  maximum 
obtainable  conversion  gain  at  high-order  frequency  multiplication.  Given  the  high-frequency  capability 
of  RTDs  coupled  with  their  highly  nonlinear  characteristics,  it  is  expected  that  their  application  in 
DHBT/RTD  FMs  will  result  in  highly-efficient  higher-order-multiplication  circuits.  A  standard  circuit 
topology.  Fig.  1,  currently  used  in  production  for  Si-based  multipliers  was  used  as  vehicle  for  this 
work. 


Figure  1.  Frequency  multiplier  circuit  topology. 


The  DHBT/RTD  were  die-attached  using  Silver  epoxy  to  a  70  mil  ceramic  package.  The  device 
contacts  were  wire  bonded  to  the  package  leads  using  an  approximately  40  mil  long/1  mil  diameter 
Gold  wire.  The  circuit  was  then  submitted  to  our  production  line  where  it  was  iteratively  tuned  and 
tested  for  best  conversion  gain,  input/output  return  loss,  output  power,  DC  power  and  temperature 
performance,  as  routinely  done  in  production.  The  details  of  the  DHBT  device  design  and 
characteristics  have  been  discussed  elsewhere  [3]. 

The  procedure  for  deposition  of  the  RTD  structure  by  molecular  beam  epitaxy,  Fig.  2,  was  as 
follows:  Following  oxide  desorption,  the  substrate  temperature  was  lowered  to  480°C,  as  determined 
by  absorption  band  edge  spectroscopy  of  the  InP  substrate,  for  growth  of  the  structure.  A  5000  A 
thick,  heavily  silicon  doped  InGaAs  (x  =  0.53)  layer  forms  the  bottom  contact  of  the  RTD. 
Asymmetrically  doped  (n  =  1  x  lo'^cm  and  5  x  lo'^cm  ^),  250  A  thick,  InGaAs  (x  =  0.53)  spacer 
layers  were  employed  to  lower  the  voltage  position  of  the  peak  in  one  bias  direction.  The  AlAs 
barriers  were  13  A  thick  (slightly  greater  than  4  monolayers),  and  the  well  consisted  of  two  30  A  thick 
InGaAs  (x  =  0.53)  layers  sandwiching  a  12  A  InAs  layer.  The  growth  is  completed  by  a  2000  A  heavily 
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silicon  doped  InGaAs  (x  =  0.53)  layer  which  forms  the  top  contact  to  the  device.  A  typical  1-V 
characteristic  is  shown  in  Fig.  3. 


GalnAs  contact  (n+=5E18) 
GalnAs  spacer  (n=5E17) 
GalnAs  spacer  (und.) 

_ AlAs  barrier _ 

GalnAs/inAs/GalnAs  well 
AlAs  barrier 
GalnAs  spacer  (und.) 
GalnAs  spacer  (n=1E17) 
GalnAs  contact  layer  (n+=5E18) 
GalnAs  buffer  (und.) 

InP  substrate  (semi-insulating) 


2000A 

250A 

15A 

13A 

30A/12A/30A 

13A 

15A 

250A 

SOOOA 

100A 


Figure  2.  AIAs/lnGaAs(x=0.53)  RTD  layer 
structure. 


Voltage  (Volts) 

-  5b1 18320 

Figure  3.  Typical  AIAs/lnGaAs(x=0.53)  RTD 
current-voltage  characteristic. 


3.  Results  and  conclusion 

The  measured  conversion  gain  versus  input  power  performance  of  the  X6  DHBT/RTD  FM  (fm  = 
127  MHz  and  fout  =  762  MHz)  is  shown  in  Fig.  4.  At  the  nominal  temperature  of  +23°C  the  FM  circuit 
utilized  a  power  supply  of  3.5  volts,  consumed  a  current  of  6.26  mA,  and  exhibited  a  maximum 
conversion  gain  of  +ldB,  for  a  power  dissipation  of  22  mW  and  a  dc  efficiency  of  3%.  The  nominal 
input  and  output  return  loss  were  measured  to  be  23  dB  and  4  dB,  respectively,  and  the  overall  0  to 
60°C  output  power  variation  was  0.7  dB.  Fig.  5  shows  the  measured  output  power  spectrum  of  the  FM. 
Comparing  this  data  with  that  obtained  for  a  X6  FM  using  a  similar  DHBT  active  device  [3],  indicates 
that  the  X6  DHBT/RTD  FM  exhibits  more  than  7dB  higher  amplitude  improvement,  from  the  seventh 
through  the  fifteenth  harmonic.  In  particular,  the  improvement  in  the  amplitude  of  the  fifteenth 
harmonic  is  20dB.  It  can  be  concluded,  therefore,  that  the  inclusion  of  the  RTD  produces  a  rich 
harmonic  content,  thus  making  the  DHBT/RTD  combination  a  prime  candidate  for  high-order 
multiplication  applications.  Future  work  will  concentrate  on  performing  a  detailed  analysis  of  the 
individual  role  of  the  devices,  on  improving  the  output  power  by  optimizing  the  relative  DHBT  and 
RTD  device  areas,  and  the  RTD  peak  voltage,  and  on  designing  higher-order  FMs  for  applications  at 
12  to  14  GHz. 
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Input  Power  (dBm) 

Figure  4.  Conversion  gain  of  DHBT/RTD  X6  frequency 
multiplier.  The  input/reference  output  frequencies  are 
127  MHz/762  MHz 


ATTENIOdB  4MKR-12,17dB 

RL21.0dBm  10dB/  -123  MHz 


Figure  5.  DHBT/RTD  X6  multiplier  output  spectrum. 
The  input/reference  output  frequencies  are  127  MHz/ 
762  MHz. 
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Optical  and  Microscopic  Properties  of  Ino.5Gao.5As/GaAs 
highly  strained  heterostructures 
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Abstract.  The  evolution  of  the  optical  and  microscopic  properties  of  highly  strained 
Ino.sGao.sAs/GaAs  heterostructures  is  studied  as  a  function  of  the  (InGa)As  layer  thickness,  L,  for 
different  GaAs  substrate  orientations,  (100)  and  (311).  Optical  and  microscopic  properties  have 
been  investigated  by  means  of  low  temperature  photoluminescence  (PL)  and  atomic  force 
microscopy  (AFM),  respectively.  Samples  grown  on  (100)  show  a  clear  transition  in  their 
photoluminescence  (PL)  spectra  at  a  critical  value  of  L  due  to  the  self-assembling  of  quantum  dots. 
On  the  other  hand,  the  same  structures  grown  on  (311)  show  a  quite  smooth  evolution  of  the  PL 
with  L.  The  microscopic  measurements  indicate  that  these  differences  are  associated  with  the 
morphology  of  dots  formed  on  the  (311)  substrates.  A  study  of  the  (311)  heterostructure 
photoluminescence  as  a  function  of  applied  magnetic  field  is  also  reported. 


The  Study  of  strained  heterostructures  based  on  (InGa)As/GaAs  has  attracted  much  interest 
recently  due  to  the  possibility  of  obtaining  defect-free  quantum  dots  (QD)  by  spontaneous  self¬ 
assembling  [1,2].  Previous  studies  on  highly  strained  (InGa)As/GaAs  materials  focused  mostly 
on  the  determination  of  the  critical  thickness  for  the  formation  of  dislocations  [3].  More 
recently,  this  type  of  heterostructure  has  provided  QDs  having  good  optical  quality  [4]  and  size 
homogeneity  [5].  It  has  been  shown  that  the  photoluminescence  properties  of  Ino.5Gao.5As  QDs 
on  GaAs  can  be  improved  by  growing  the  dots  on  (nil)  substrates  [6,7,8].  Specifically  in 
reference  [6],  a  remarkable  narrowing  of  the  PL  spectrum  linewidth  was  reported  for  In  As  and 
Ino.5Gao,5As  QDs  grown  on  (31 1)B  with  respect  to  the  same  structures  grown  on  (100). 

In  this  paper  we  report  a  study  of  the  optical  and  microscopic  properties  of  Ino.5Gao,5As/GaAs 
heterostructures  having  different  alloy  thickness  and  grown  on  (100)  and  (311)  oriented 
substrates.  The  dependence  of  the  PL  on  magnetic  field  up  to  40T  is  also  studied  for  the  high 
index  planes  and  interpreted  in  terms  of  the  structural  measurements. 

Our  heterostructures  were  grown  by  molecular  beam  epitaxy  (MBE)  on  (100)  and  (311) 
GaAs  substrates.  For  the  high  index  plane  orientation,  the  layers  were  deposited  on  both  A  and 
B  type  surfaces.  The  samples  form  a  series  having  different  (InGa)As  thickness,  L=5,  7,  8,  10, 
11,  14,  17,  and  20A,  and  the  same  nominal  indium  concentration,  x=0.5.  Before  depositing  the 
Ino.sGao  sAs  layer,  the  substrate  temperature  was  reduced  from  600  to  450  °C.  We  have  found 
that  this  value  of  the  growth  temperature  for  the  QDs  gives  optimum  optical  properties  (i.  e., 
smaller  linewidth  and  higher  efficiency  of  the  PL),  regardless  of  the  substrate  orientation.  The 
(InGa)As  layer  was  capped  by  250A  of  GaAs.  In  this  study  samples  having  the  same  L  but 
different  substrate  orientation  were  grown  simultaneously.  In  order  to  determine  the  transition 
from  a  two-dimensional  to  a  three-dimensional  growth  mode,  the  reflection  high-energy 
electron-diffraction  (RHEED)  pattern  was  monitored  for  each  substrate  orientation  in  a 
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separate  growth  run.  It  was  found  that  this  transition  occurs  for  L=l  lA  for  both  (100)  and  (311) 
samples. 

The  PL  measurements  were  performed  in  a  gas-flow  cryostat  at  temperature  7’=5K.  Optical 
excitation  was  provided  by  the  514.5nm  line  of  an  Ar"^  laser.  The  luminescence  was  dispersed 
by  a  3/4m  monochromator  and  detected  by  a  cooled  Ge  diode  detector  with  lock-in 
amplification.  The  study  of  the  dependence  of  the  PL  on  the  magnetic  field,  B,  was  performed 
up  to  43T  in  pulsed  fields.  The  laser  beam  (Aexc=488nm)  was  chopped  and  the  sample 
illuminated  for  1ms  at  the  top  of  the  field  pulse,  with  the  PL  emission  detected  by  a  CCD  array. 

Contact  mode  atomic  force  microscopy  (AFM)  was  used  for  structural  characterisation  of  the 
samples  with  Ino.sGao.sAs  thickness  of  L=1  and  llA  on  (100)  and  (311)B  substrates.  For  AFM 
imaging,  the  samples  were  grown  under  the  same  conditions  as  above,  but  they  were  not 
capped  with  a  GaAs  layer. 

Figure  1  shows  the  low  temperature  PL  spectra  for  different  values  of  L  on  (100)  and  (3 1 1)A 
substrates.  No  significant  difference  was  found  between  the  (31 1)A  and  B  samples.  For  ease  of 
comparison  the  spectra  have  been  normalised  to  each  other.  In  general,  the  PL  from  samples 
grown  on  the  high  index  planes  is  about  one  order  of  magnitude  brighter  than  for  those  grown 
on  (100). 


Energy  (eV) 


Figurel:  Low  temperature  PL  for  different  layer  thickness  L  on  (100)  and  (311)A  oriented  substrates.  The 
excitation  wavelength  is  5 14.5nm.  The  PL  intensities  have  been  normalised  to  each  other  for  ease  of  comparison. 


The  dependence  of  the  peak  energy  emission,  hv,  and  of  the  full-width  at  half-maximum, 
FWHM,  of  the  PL  are  shown  in  Figure  2a)  and  b),  respectively.  Both  hv  and  FWHM  show  a 
clear  transition  for  the  (lOO)-oriented  samples  at  L=10A.  Note  that  for  L<10A  the  quantum 
well  (QW)  structures  grown  on  (31 1)  have  the  same  energy  peak  as  the  layers  grown  on  (100) 
but  a  PL  linewidth  about  three  times  smaller.  This  observation  can  be  explained  by  noting  that 
for  the  (311)  oriented  lattice  the  extent  of  a  monolayer  fluctuation  along  the  growth  direction 
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Figure  2:  (a)  Low  temperature  PL  peak  energy  position  hv,  and  (b)  full-width  at  half-maximum  FWHM  as  a 
function  of  the  layer  thickness  L  for  different  substrates.  Note  the  abrupt  change  in  hv  and  FWHM  at  Z^loA  for 
the  samples  grown  on  (100). 


is  a  factor  Vi^'+l^nF  smaller  than  for  (100).  For  the  (311)  QWs,  this  results  in  a  smaller 
contribution  from  the  interface  roughness  to  the  excitonic  energy  distribution  (namely  the  PL 
linewidth),  as  can  be  demonstrated  by  means  of  a  statistical  model  [9,10],  Note  in  Figure  2b) 
the  constant  value  of  FWHM  for  the  (100)  samples  for  L>10A:  This  indicates  that  the  dot  size 
distribution  is  the  same,  independent  of  the  mean  dot  size.  The  presence  of  a  transition  for 
L=10A  in  the  (100)  samples  is  in  agreement  with  the  RHEED  pattern  observations,  which 
signal  the  onset  of  a  different  growth  mode  around  11  A,  corresponding  to  the  formation  of 
quantum  dots.  Despite  the  fact  that  the  same  transition  was  detected  in  the  RHEED  for  the 
(311)  orientated  heterostructures,  the  optical  properties  of  these  samples  are  characterised  by  a 
quite  smooth  evolution  from  the  thinnest  (5A)  to  the  thickest  layer  (20A).  Compared  to  an 
atomically  flat  (100)  surface,  a  (3 1 1)  plane  has  a  corrugated  surface  due  to  the  presence  of  edge 
steps  [11].  This  could  give  rise  to  the  formation  of  dots  having  microscopic  and  electronic 
properties  quite  different  from  the  "classical"  ones  formed  on  (100). 

This  observation  is  supported  by  the  AFM  pictures  shown  in  Figure  3  for  L=:llA  on  (100) 
and  (311)B  substrates.  The  dots  grown  on  the  (100)  oriented  substrate  have  average  diameter 
d=36nm,  height  h=2.2nra.  and  a  surface  density  p  =1.510‘“cm'^  and  appear  isolated  from  each 
other.  These  values  compare  well  with  those  reported  previously  [5,6,12].  In  contrast,  for  the 
(311)B  sample  the  surface  coverage  due  to  the  dots  appears  much  more  uniform  with  a 
corresponding  density  p  =1.5■10‘‘cm■^  The  mean  dot  diameter  and  height  are  respectively 
d=26nm  and  Ii=1.0nm.  The  structures  having  a  smaller  lOij  jGa^  jAs  layer  thickness  L=7A  show 
no  clear  evidence  of  three-dimensional  nanostructures  in  RHEED  and  AFM. 

Our  study  of  the  microscopic  properties  thus  indicates  that  the  (311)  dots  are  flatter  than 
those  formed  on  the  (100)  substrate.  Both  the  density  and  the  size  of  the  dots  clearly  affect  the 
electronic  properties  of  the  samples  as  revealed  by  the  optical  measurements.  In  the  (311) 
oriented  samples,  photogenerated  electron-hole  pairs  localise  in  the  potential  minima  of  the 
quantum  dots  with  a  non-negligible  fraction  of  the  exciton  wavefunction  spreading  out  into  the 
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Figure  3:  lnmxl|Xm  AFM  images  recorded  on  samples  having  L=\  1 A  and  different  substrate  orientation.  The  dots 
on  the  (31 1)B  substrate  are  flatter  (compare  the  height  scale  on  the  left  of  each  picture)  and  have  a  larger  density 
compared  to  those  formed  on  the  (100)  oriented  plane.  Below  each  figure  is  a  schematic  diagram  of  the  proposed 
transverse  section  of  the  sample. 

wetting  layer  (QW  beneath  the  self-assembled  dots).  In  contrast,  more  complete  confinement  is 
achieved  in  the  dots  formed  in  the  (100)  sample.  Both  the  value  of  hv  and  FWHM  can  be 
understood  from  the  AFM  analysis  as  follows.  The  higher  energy  emission  for  the  (311) 
samples  is  due  to  the  weaker  confinement  of  carriers  in  the  dots;  moreover  the  small  distance 
between  the  dots  allows  the  carriers  to  recombine  in  the  lowest  energy  minimum  available 
within  their  diffusion  length.  As  a  consequence,  the  PL  arises  from  only  a  part  of  the  dot  size 
distribution,  which  results  in  a  smaller  PL  linewidth  at  S=0  compared  to  the  (100)  dots. 

In  order  to  derive  useful  information  about  the  exciton  confinement  in  the  dots,  we  studied 
the  dependence  of  the  PL  lineshape  on  magnetic  field,  B,  applied  along  the  growth  direction. 
The  measurements  were  performed  on  (31 1)B  oriented  samples  having  L=1 1  and  ik. 


Energy  (eV) 


Figure  4:  PL  dependence  on  magnetic  field  for  (311)B  oriented  samples  having  different  layer  thickness.  For 
L=1 1  A,  the  PL  lineshape  shows  a  gradual  broadening  of  the  spectrum  as  discussed  in  the  text. 
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Figure  4  shows  the  PL  spectra  for  different  values  of  B.  In  comparison  with  the  quantum  well 
sample  {L=lk),  the  thicker  one  (L=llA)  shows  a  15%  lower  diamagnetic  shift  corresponding 
to  a  smaller  wavefunction  extent  due  to  confinement  into  the  dot  potential  minima  [13]. 
Another  striking  feature  of  the  PL  spectra  of  llA  sample  is  the  increasing  PL  linewidth  with 
increasing  B.  However  this  broadening  is  much  less  for  D=lk.  This  can  be  explained  by  the 
fact  that  the  magnetic  field  acts  as  a  further  confining  potential  for  the  carriers  which  can 
prevent  them  from  reaching  the  lowest  energy  dots.  In  other  words,  with  increasing  B  the 
electron  and  hole  diffusion  in  the  dot  plane  is  quenched  and  the  radiative  recombination  of  the 
exciton  takes  place  closer  to  the  point  where  the  carriers  have  been  photogenerated.  Therefore, 
for  high  magnetic  fields,  the  PL  lineshape  reflects  more  closely  the  microscopic  distribution  of 
dot  sizes. 

In  conclusion,  we  have  studied  the  optical  and  microscopic  properties  of  highly  strained 
In^jOa^jAs/GaAs  heterostructures  grown  on  (100)  and  (311)  substrates.  With  increasing 
strained  layer  thickness,  we  observe  a  different  evolution  in  the  optical  properties  of  the 
samples  grown  on  different  planes.  The  differences  between  the  (100)  and  the  (311) 
orientations  arise  from  the  geometrical  configuration  of  the  self-assembled  dots.  The  AFM 
study  reveals  a  flatter  dot  geometry  and  a  dot  density  one  order  of  magnitude  larger  for  the 
(311)  substrate  than  for  (100)  .  Magneto-PL  experiments  are  consistent  with  this  picture 
deduced  from  the  AFM. 
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Abstract  ;  The  strain  tensor  in  pyramidal  Ga(In)As/GaAs  self-assembled  quantum  dots  is 
characterized  in  detail  using  a  valence  force  field  model  and  is  applied  to  an  eight-band  k.p 
formalism  to  find  the  electronic  spectra  in  the  highly  strained  dots.  Results  obtained  for  the 
conduction  band  spectra  using  the  effective  mass  approach  are  shown  to  have  serious  errors.  The 
energy  difference  between  the  ground  and  excited  states  obtained  from  both  eight-band 
ealeulations  and  experimental  results  indicates  phonon  bottleneck  in  these  dots  which  is 
confirmed  by  a  relatively  simple  high  frequency  electrical  impedance  measurements  on  quantum 
dot  lasers.  The  electron  capture  times  of  30-40ps  are  obtained  compared  to  2-5ps  in  SCH 
quantum  well  lasers  and  Ips  in  tunneling  injection  lasers,  and  the  modulation  band  width  is 
found  to  be  limited  by  the  capUire  times.  The  time  resolved  photoluminesccnce  measurements 
gave  decay  time  constants  of  ~700ps  and  ~200-250ps  for  the  ground  and  excited  state 
transitions,  respectively. 


1.  Introduction 

Self-organized  growth  of  semiconductor  quantum  dots  (QD)  has  gained  widespread  attention  due  to  the 
reports  on  the  improvement  in  performance  of  some  electronic  and  optoelectronic  devices.  Semiconductor 
lasers  with  quantum  dots  as  the  gain  media  have  shown  performance  characteristics  better  than  the  quantum 
well  lasers.  Extremely  low  threshold  current  densities[l,2]  with  excellent  temperature  stability[2-4]  and  more 
than  an  order  of  magnitude  improvement  in  differential  gain  [5,6]  repotted  in  In(Ga)As/GaAs  quantum  dot 
lasers  leads  to  the  possibility  of  operating  these  lasers  with  no  DC  bias  and  no  temperature  stabilization. 
Charge  storage  and  quantum  tunneling,  in  these  quasi-zero  dimensional  structures,  have  opened  up  new 
potential  applications  such  as  single  electron  transistor,  memory  and  multi-level  logic  elements.  However,  the 
details  of  some  of  the  fundamental  issues  such  as  the  control  of  shape,  size  and  position  of  the  quantum  dots, 
estimating  the  strain  distribution  and  band  structure  of  the  dots,  dynamics  of  carrier  relaxation  etc.,  are  still  not 
complete.  In  this  paper  we  address  the  issues  related  to  the  strain  tensor,  electronic  spectra,  and  the  carrier 
dynamics  in  self-organized  In(Ga)  As/GaAs  quantum  dots. 

It  is  well  known  that  the  self-assembled  In(Ga)As  quantum  dots  are  of  pyramidal  shape  with  a 
complex  strain  tensor.  The  fact  that  although  the  bandgap  of  bulk  InAs  is  ~0.4eV,  the  bandgap  of  the 
In  As/GaAs  quantum  dots  are  -I.leV,  suggests  that  strain  induced  level  shifts  can  approach  values  equal  to 
the  bandgap  of  the  semiconductor.  Therefore,  the  effective  mass  approach,  which  requires  decoupling  of 
remote  bands,  can  cause  serious  errors  in  the  calculation  of  the  band  stracture  and  electronic  spectra.  We  have 
calculated  the  electronic  spectra  with  both  effective  mass  approach  and  a  full  eight-band  k.p  model,  and 
compared  the  results  of  our  ealeulations  with  some  of  the  experimental  results  reported  in  Uterature  and  our 
own  results.  The  energy  separation  between  the  ground  and  excited  states,  derived  both  from  our  theoretical 
and  experimental  results,  indicate  that  the  phonon  processes  are  severely  suppressed  due  to  the  singular 
density  of  states  in  the  quantum  dots.  We  report  an  estimate  of  the  carrier  capture  times  obtained  from  a 
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relatively  simple  measurement  of  high  frequency  electrical  impedance  of  quantum  dot  lasers.  The  overlap  of 
the  electron  and  hole  wave  functions  calculated  by  our  model  and  the  recombination  time  constants  obtained 
from  the  time  resolved  photoluminescence  (TRPL)  measurements  are  also  reported. 


2.  Strain  model 


In  strained  quantum  wells  the  strain  tensor  is  biaxial  in  nature,  while  it  is  expected  to  be  quite 
complicated  in  buried  strained  quantum  dots.  Assuming  that  the  growth  process  is  slow  enough  to 
allow  energy  minimization,  one  can  estimate  the  shape  and  strain  in  buried  dots.  We  have  developed  a 
lattice  gas  model  for  the  quantum  dots  using  the  valence  force  field  (VFF)  model  [7,8].  The  VFF 
model  is  a  microscopic  theory,  which  includes  bond  stretching  and  bond  bending  and  avoids  the 
potential  failure  of  elastic  continuum  theory  in  the  atomically  thin  limit.  The  total  VFF  energy  is. 


^  ij  ^  ^  i  jtk  ^ 

where  i  runs  over  all  atomic  sites,7,A:  run  over  the  nearest  neighbor  (NN)  sites  of  i,  d,y  is  the  vector  joining  the 
sites  i  and  j  and  d,y  is  the  length  of  the  bond,  do,,y  is  the  corresponding  equilibrium  length  in  the  binary 
constituents,  Oy  and  Py*  are  the  bond  stretching  and  bond  bending  constants  respectively.  Martin  [7] 
calculated  a  and  p  for  In  As  and  GaAs  and  obtained  values  that  give  satisfactory  agreement  with  experiments. 
We  have  used  these  values  in  this  work.  For  bond-bending  parameter  P  of  In-As-Ga,  we  take. 


following  Ref.  [9]. 

In  order  to  find  the  strain  tensor  in  the  InAs/GaAs  quantum  dots,  with  arbitrary  choice  of  initial 
atomic  positions,  minimization  of  the  total  VFF  energy  has  to  be  carried  out.  This  requires  one  to  solve 
coupled  set  of  equations  with  3N  variables,  where  N  is  the  total  number  of  atoms.  Since  this  is  impractical  in 
our  case  with  more  than  one  hundred  thousand  atoms,  we  have  used  a  perturbation  technique  where  the  atoms 
are  originally  placed  in  a  GaAs  matrix  and  are  allowed  to  deviate  from  this  starting  position.  All  the  atoms  are 
displaced  in  sequence  minimizing  the  system  energy  each  time,  and  the  whole  sequence  is  repeated  until  the 
maximum  distance  moved  is  so  small  that  there  is  essentially  no  change  is  the  system  energy  [8].  Typical 
strain  distribution  derived  from  this  model  is  shown  in  Fig.l  for  an  friAs/GaAs  quantum  dot  with  (101) 
limiting  planes.  The  following  conclusions  can  be  drawn  from  these  results  :  (i)  there  is  relaxation  for  exi,  e^ 
at  the  top  of  the  dot  as  was  experimentally  observed  [10],  (ii)  the  biaxial  strain  changes  sign  from  the  bottom 
to  the  top  of  the  pyramidal  dot  which  means  there  is  more  confinement  for  heavy  holes  near  the  bottom  and 
light  holes  near  the  top  of  the  dot,  (iii)  there  is  a  strong  shear  component,  and  (iv)  Qv  symmetry  is  broken 
microscopically  and  there  are  only  two  reflection  symmetries  (110)  and  (1  lO). 


Figure  1 :  (a)  Schematic  of  pyramidal  quantum  dot  (b)  biaxial  and  hydrostatic  strain  along  A  and  (c)  shear 
strain  along  B  of  InAs/GaAs  quantum  dot 
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3.  Electronic  spectrum 

In  self-organized  quantum  dots  the  effect  of  strain  is  too  strong  to  allow  the  decoupling  of  the  remote  bands. 
As  mentioned  earlier,  the  strain-induced  shift  of  energies  can  approach  the  energy  band  gap  of  the 
semiconductor.  Therefore  the  influence  of  remote  bands  becomes  very  critical  in  estimating  the  positions  of 
the  electronic  states  as  well  as  the  central  cell  character  of  the  eigenstates  (s  and  p  mixing). 

We  have  developed  a  full  eight-band  kp  model  [8]  and  have  calculated  the  electronic  spectrum  by 
both  effective  mass  approach  and  the  eight-band  model.  The  size  and  shape  of  the  quantum  dots  are  chosen 
close  to  measured  values.  Figure  2(a)  shows  the  electronic  spectmm  calculated  for  the  ftiAs/GaAs  dot  with 
base  width  124A  and  height  62A  using  the  effective  mass  ^roach  for  conduction  band  and  four-band  kp 
model  for  valence  band.  This  shows  two  bound  levels  in  the  conduction  band.  The  electronic  spectrum 
calculated  by  eight-band  model  is  shown  in  Fig.2(b),  which  gives  multiple  excited  states  in  the  conduction 
band.  Such  richness  of  the  electronic  spectrum  has  been  observed  experimentally  [1 1].  Moreover,  the  energy 
values  agree  very  well  with  the  two  transitions  observed  in  Ref.  [12]. 


(a)  (b) 

Figure  2  :  Electronic  spectra  calculated  for  InAs/GaAs 
Quantum  dot  (124 A  base  width  and  62  A  height) 

(a)  by  effective  mass  approach  and  (b)  by  eight-band  model 

In  order  to  calculate  the  electronic  spectrum  in  InGaAs  quantum  dots  we  have  used  a  biaxial  strain 
model.  This  assumption  is  more  appropriate  in  InGaAs  quantum  dots  due  to  the  smaller  lattice  mismatch, 
which  results  in  lower  strain  and  larger  dot  size.  The  cross  sectional  transmission  electron  microscope  images 
showed  a  dot  base  width  of  140A  and  a  height  of  70A  for  Ino4Gao,6As/GaAs  quantum  dots.  The  electronic 
spectrum  calculated  by  eight-band  model  for  this  particular  size  is  shown  in  Fig.3.  The  PL  spectrum  is  also 
shown  for  comparison.  The  good  agreement  between  the  calculated  and  measured  emission  energies 
confirms  that  the  biaxial  strain  model  is  adequate  in  this  case. 


Figure  3  :  Electronic  spectrum  calculated 
by  eight-band  model  and  the  PL  spectrum  for 
Ino.4Gao.6As/GaAs  quantum  dot 
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4.  Carrier  dynamics 

4.1  Carrier  capture  dynamics 

Due  to  the  large  energy  separation  between  the  ground  state  and  excited  states  (much  greater  than  phonon 
energies  of  30-40meV),  and  due  to  the  singular  density  of  states  in  quantum  dots,  single  and  2LO-phonon 
scattering  processes  are  not  significant.  Therefore,  carrier-carrier  scattering  is  the  dominant  scattering 
mechanism  in  quantum  dots.  We  have  calculated  the  electron  relaxation  times  by  e-h  scattering  as  a  function 
of  hole  life  time  in  InAs  quantum  dots,  which  gives  an  electron  relaxation  time  of  100  times  that  of  the  hole 
life  time.  This  means  for  a  typical  hole  lifetime  of  0.6ps,  the  electron  relaxation  time  is  60ps.  This  phonon 
bottleneck  plays  a  major  role  in  the  performance  characteristics  of  certain  devices  such  as  lasers. 
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We  have  derived  the  quantum  capture  times  for  electrons  in  quantum  dot  lasers  from  high  frequency 
electrical  impedance  (HFEI)  measurement  [13,14].  The  quantum  dot  lasers  with  single  and  multiple  layers  of 
self-organized  Ino^Gao.eAs/GaAs  quantum  dots  were  grown  by  MBE.  The  stmeture  consists  of  the  quantum 
dot  active  layers  in  the  center  of  an  SCH  structure  with  GaAs  waveguiding  region  and  Alo.3Gao.7As  clad. 
Cross  sectional  TEM  showed  the  quantum  dots  with  a  base  width  of  140A  and  a  height  of  70A  in  a  single  dot 
layer.  The  density  of  the  dots  as  measured  by  atomic  force  microscopy  on  a  single  layer  of  dots  on  the 
surface,  is  ~5xlO'°cmA  The  broad  area  lasers  have  room  temperature  threshold  current  densities  of  650A/cm^ 
and  320A/cm^  for  single  and  4-layer  quantum  dot  lasers,  respectively.  Ridge  waveguide  lasers  were 
fabricated  in  the  ground-signal-ground  configuration  to  facilitate  microwave  probing.  Typical  modulation 
characteristics  are  shown  in  Fig.4(a).  The  differential  gain  of  1.7xl0  ‘'‘cm^  obtained  both  from  modulation 
characteristics  and  Hakki-Pauli  measurements  is  more  than  an  order  of  magnitude  higher  than  quantum  well 
lasers.  However,  maximum  modulation  bandwidth  obtained  in  these  lasers  is  5-7.5GHz.  The  K-factor  is  -Ins 
which  gives  gain  compression  limited  bandwidth  to  be  ~9GHz.  In  order  to  obtain  the  electron  capture  times, 
the  magnitude  of  the  HEFI  data  is  analyzed  using  rate  equation  model  appropriate  for  quantum  well  lasers. 
Figure  4(b)  shows  the  measured  and  fit  impedance  data  for  a  single-layer  quantum  dot  laser.  The  capture  time 
extracted  from  this  fit  is'to~40ps.  The  characteristics  of  the  multiple  layer  quantum  dot  lasers  are  not 

significantly  different, 
with  a  best-fit  To  -  30ps 
for  4  layers  of  quantum 
dots.  Compared  to  the 
values  of  2-5ps  in  SCH 
quanmm  well  lasers, 
values  of  30-40ps  indicate 
the  severity  of  phonon 
bottleneck  in  quantum  dot 
lasers.  We  believe  that  the 
modulation  bandwidth  of 
~5GHz  in  these  quantum 
dot  lasers  is  limited  by  the 
long  carrier  capture  times. 

4.2  Carrier  recombination  dynamics 


Figure  4 ;  (a)  Modulation  respon.se  of  a  single  layer  quantum  dot  laser,  and 
(b)  measured  and  fit  high  frequency  electrical  impedance  data.  The  value  of 
capture  time  constant  To  obtained  from  this  fit  is  ~40ps. 


One  of  the  main  reasons  for  the  improved  pterformance  of  quantum  dot  based  devices  is  the  singular  density 
of  states  in  these  quasi-zero  dimensional  stmetures.  However,  in  interband  transition  devices  such  as  lasers, 
the  carrier  recombination  rate  also  plays  a  major  role.  Therefore  it  is  important  to  characterize  the  carrier 
recombination  dynamics  in  quantum  dots.  From  our  calculations  a  relatively  high  overlap  of  -90%  is 
obtained  for  ground  state  electron  and  ground  state  hole  wave  functions  in  pyramidal  quantum  dots.  This 
indicates  a  fairly  efficient  radiative  recombination  of  the  carriers  in  these  quantum  dots,  which  is  also  repotted 
widely  in  literature.  We  have  measured  the  time  resolved  photoluminescence  (TRPL)  spectra  in  single  and 
multiple  layers  of  InGaAs/GaAs  quantum  dots.  Figure  5  shows  the  TRPL  signal  for  both  ground  and  excited 
state  transitions.  It  is  observed  that  decay  time  constants  are  700ps  and  2C)0-250ps  for  the  ground  state  and 
excited  state  transitions,  respectively.  The  time  constant  of  700ps  for  the  ground  state  is  comparable  to 
quantum  wells.  If  the  inter-level  relaxation  rate  is  fast  compared  to  the  radiative  lifetimes,  and  all  the  radiative 
transitions  have  the  same  time  constant,  the  excited  state  is  expected  to  decay  with  a  time  constant  of  one 
thirds  of  that  of  the  ground  state[15],  which  is  approximately  valid  in  our  case. 


529 


Figure  5  :  Time  resolved  photoluminescence  for 
ground  and  exited  state  transitions  in  8-layer 
Ino.4Gao.6As/GaAs  quantum  dots 

radiative  recombination.  Time  resolved  PL  spectra 
ground  and  excited  state  transition,  respectively. 


5.  Conclusions 

In  conclusion,  we  have  developed  a  model  for  the 
strain  tensor  in  self-assembled  quantum  dots 
based  on  the  valence  force  field  model.  The  strain 
tensor  is  found  to  be  quite  complicated  leading  us 
to  believe  that  a  simple  effective  mass  approach  to 
calculate  the  electronic  states  is  not  adequate.  We 
have  developed  a  full  eight-band  k.p  model  to 
obtain  the  electronic  spectra,  which  show  good 
agreement  with  experimental  results.  Cairier 
relaxation  times  of  30-40ps  obtained  by  the  HFEI 
technique  in  InGaAs/GaAs  quantum  dot  lasers 
show  evidence  of  phonon  botdeneck  in  these 
lasers.  The  calculated  wave  function  overlap  of 
90%  between  ground  state  elections  and  holes  in 
these  pyramidal  quantum  dots  indicate  efficient 
d  decay  time  constants  of  700ps  and  200ps  for  the 
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Abstract.  Using  oxide-patterned  substrates,  we  have  selectively  grown  GaAs  mesas  with  (100)  top  facets 
ranging  from  several  pm  to  less  than  250  nm  in  width  and  InAs  quantum  dots  (QDs)  on  top  of  these  facets. 
For  a  given  total  InAs  coverage,  the  dot  density  varies  with  the  facet  width.  The  QDs  also  tend  to  form  at 
the  facet  edges.  These  observations  suggest  a  strong  surface  diffusion  effect  of  In-containing  species  adsorbed 
on  the  various  GaAs  facets  of  a  mesa.  By  designing  the  oxide  pattern  in  an  appropriate  manner,  a  two- 
dimensional  array  of  QDs  could  be  positioned  in  a  pre-determined  configuration  at  specific  wafer  locations. 


1.  Introduction 

In  recent  years,  there  has  been  a  considerable  amount  of  research  on  semiconductor  self-organized  quan¬ 
tum  dots  (SOQDs)  formed  by  the  Stranski-Krastanow  (SK)  growth  mode  [1],  One  limitation  with 
conventional  growth  techniques  is  that  positioning  of  the  SOQDs  on  a  wafer  is  difficult  to  control.  To 
overcome  this,  various  approaches  have  been  studied,  including  growth  on  wafers  patterned  with  ridges 
[2]  and  tetrahedral  pits  [3],  and  on  buffer  layers  with  multi-atomic  steps  formed  by  substrate  misorien- 
tation  [4],  The  disadvantage  in  using  a  non-planar  starting  wafer  is  that  etch  damage  can  occur  during 
the  substrate  patterning  process,  while  the  use  of  vicinal  substrates  has  constraints  on  the  location  and 
spacing  of  the  SOQDs  imposed  by  the  angle  of  misorientation. 

In  this  paper  we  describe  an  approach  that  provides  improved  positioning  control  in  the  formation 
of  SOQDs  which  makes  uses  of  the  results  of  our  earlier  studies  on  selective  area  epitaxy  (SAE)  and 
faceted  epitaxial  growth  [5,6].  The  idea  is  based  on  the  selective  formation  of  InAs  SOQD  arrays  on 
specific  regions  on  a  wafer.  These  regions  of  GaAs  are  grown  on  an  oxide-patterned  substrate  using 
SAE,  and  well-defined  crystallographic  facets  are  formed  while  no  growth  occurs  on  the  oxide.  Then 
SAE  is  used  again  to  form  the  InAs  SOQDs.  The  InAs  growth  rates  are  different  on  the  various  GaAs 
facets.  We  utilize  this  fact  so  that  only  on  a  specific  facet  (e.g.,  the  (100)  top  surface)  is  the  InAs  suffi¬ 
ciently  thick  for  strain-induced  islanding  (SK  growth  mode)  to  occur  and  SOQDs  are  formed.  The 
width  of  these  (100)  facets  can  be  reduced  to  the  sub-250  nm  range  by  crystal  growth  without  using 
fine-line  lithography.  By  patterning  the  oxide  in  an  appropriate  manner,  arrays  of  SOQDs  can  then  be 
formed.  This  points  to  a  possible  path  to  realize  few-  or  single-electron  devices  using  “natural”  crystal 
growth  processes. 
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2.  Experimental  Procedures 

In  our  work,  the  GaAs  was  selectively  grown  at  a  substrate  temperature  of  ~  620  °C  using  chemical 
beam  epitaxy  (CBE).  Triethylgallium  and  arsine  were  used  as  the  source  materials  in  a  VG  V90  CBE 
system.  Utilizing  the  faceted  growth  behavior  provided  by  SAE,  the  (100)  top  facet  of  a  mesa  grovm 
in  an  umasked  region  1  |im  wide  can  be  reduced  to  less  than  250  nm  in  width  for  a  mesa  height  of  ~  0.4 
|im.  The  substrate  temperature  was  reduced  to  ~  520  °C  for  the  selective  formation  of  the  InAs 
SOQDs.  Here,  trimethylindium  was  used  as  the  In  source  material.  We  have  previously  reported  on 
the  SAE  of  thiek  InAs  layers  by  CBE  [5].  The  ability  to  avoid  InAs  growth  on  the  oxide  and  the 
amount  of  InAs  that  nucleates  on  the  various  GaAs  facets  are  strongly  dependent  on  the  growth  con¬ 
ditions.  In  this  work,  the  conditions  were  chosen  such  that  no  InAs  SOQDs  were  formed  on  the  side 
facets  of  the  GaAs  mesas. 


3.  Results  and  Discussions 

For  the  SOQDs  formed  selectively  on  the  top  GaAs  (100)  facet,  their  uniformity  and  areal  density  are 
strongly  dependent  on  the  facet  width  and  the  amoimt  of  InAs  deposited  on  the  wafer.  Figure  1  shows 
SEM  images  as  viewed  from  the  top  of  long  GaAs  mesas  grown  on  oxide-patterned  (lOO)-oriented 
substrates  using  SAE.  InAs  SOQDs  can  be  seen  to  have  formed  only  on  the  top  facets  (dark  regions). 
In  each  case,  the  total  amount  of  InAs  deposited  is  indicated  in  the  unit  of  monolayers  (MLs).  This 
amount  is  the  equivalent  thickness  of  a  continuous  InAs  layer  grown  on  a  planar,  non-pattemed  (100) 
GaAs  surface. 

The  width  of  the  top  facet  in  both  Figs,  la  and  lb  is  about  1  |xm.  For  the  deposition  of  less  than  2 
ML  of  InAs  on  a  planar  surface,  it  is  known  that  the  dot  density  increases  with  the  total  deposited 
amount  of  InAs  [7] .  Thus  it  is  not  surprising  that,  in  our  case,  the  deposition  of  1 .5  ML  of  InAs  (Fig. 
la)  resulted  in  an  average  dot  density  of  ~  2  x  10'®/cm^  which  is  higher  than  that  of  ~  0.6  x  lO'^/cm^for 
the  deposition  of  1.3  ML  (Fig.  lb).  However,  the  dot  densities  are  not  uniform  in  both  cases  and  tend 
to  be  higher  at  the  edges  of  the  top  facet.  It  is  also  of  interest  to  note  that  for  the  formation  of  InAs 
SOQDs  on  a  planar  (100)  GaAs  surface,  the  dot  density  does  not  reach  ~  1  x  10'°/cm^  until  the  InAs 
coverage  exceeds  ~  1.7  ML,  and  is  basically  zero  for  a  coverage  of  less  than  -  1.5  ML  [7,8].  The 
SOQD  densities  on  the  top  facets  are  significantly  larger  in  our  case,  for 'the  deposition  of  smaller 
amounts  of  InAs. 

The  result  on  reducing  the  top  facet  width  to  ~  250  nm  is  quite  striking  (Fig.  Ic).  When  compared 
with  Fig.  lb,  the  dot  density  is  much  higher  (~  5.5  x  10‘®/cm^)  and  more  uniform  on  the  narrower  facet, 
for  the  same  1.3  ML  of  InAs  deposited.  On  the  other  hand,  for  a  top  facet  width  of  ~  2  |j.m  and  1.3 
ML  of  InAs  deposited  (not  shown),  the  dot  density  is  basically  zero  except  for  the  very  edges  of  the 
facet.  To  make  the  comparisons  valid,  these  three  mesas  with  top  facet  widths  of  about  0.25,  1,  and  2 
)im,  respectively,  are  on  the  same  wafer  which  was  rotated  during  growth  to  reduce  flux  non-uniformity 
as  well  as  run-to-run  variations. 

With  the  deposition  of  larger  amounts  of  InAs  (1.7  ML  and  2.0  ML  of  InAs,  respectively),  the 
average  dot  density  on  the  ~  1  pm  wide  facets  increased  to  ~  8  x  1 0’°/cm^  (not  shown).  Such  an  obser¬ 
vation  with  increasing  amounts  of  deposited  InAs  is  again  expected.  However,  well-defined  individual 
SOQDs  were  not  formed  on  the  narrower  (~  250  nm)  facets  in  these  cases.  Instead,  what  appeared  to 
be  coalesced  islands  were  observed,  as  shown  in  Fig.  2  for  the  case  of  a  facet  about  150  nm  wide  and  for 
1 .7  ML  of  deposited  InAs.  In  comparison,  the  formation  of  coalesced  islands  is  only  seen  on  planar. 
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Abstract.  Using  oxide-patterned  substrates,  we  have  selectively  grown  GaAs  mesas  with  (100)  top  facets 
ranging  from  several  pm  to  less  than  250  nm  in  width  and  InAs  quantum  dots  (QDs)  on  top  of  these  facets. 
For  a  given  total  InAs  coverage,  the  dot  density  varies  with  the  facet  width.  The  QDs  also  tend  to  form  at 
the  facet  edges.  These  observations  suggest  a  strong  surface  diffusion  effect  of  In-containing  species  adsorbed 
on  the  various  GaAs  facets  of  a  mesa.  By  designing  the  oxide  pattern  in  an  appropriate  manner,  a  two- 
dimensional  array  of  QDs  could  be  positioned  in  a  pre-determined  configuration  at  specific  wafer  locations. 


1.  Introduction 

In  recent  years,  there  has  been  a  considerable  amount  of  research  on  semiconductor  self-organized  quan¬ 
tum  dots  (SOQDs)  formed  by  the  Stranski-Krastanow  (SK)  growth  mode  [1].  One  limitation  with 
conventional  growth  techniques  is  that  positioning  of  the  SOQDs  on  a  wafer  is  difficult  to  control.  To 
overcome  this,  various  approaches  have  been  studied,  including  growth  on  wafers  patterned  with  ridges 
[2]  and  tetrahedral  pits  [3],  and  on  buffer  layers  with  multi-atomic  steps  formed  by  substrate  misorien- 
tation  [4].  The  disadvantage  in  using  a  non-planar  starting  wafer  is  that  etch  damage  can  occur  during 
the  substrate  patterning  process,  while  the  use  of  vicinal  substrates  has  constraints  on  the  location  and 
spacing  of  the  SOQDs  imposed  by  the  angle  of  misorientation. 

In  this  paper  we  describe  an  approach  that  provides  improved  positioning  control  in  the  formation 
of  SOQDs  which  makes  uses  of  the  results  of  our  earlier  studies  on  selective  area  epitaxy  (SAE)  and 
faceted  epitaxial  growth  [5,6].  The  ideals  based  on  the  selective  formation  of  InAs  SOQD  arrays  on 
specific  regions  on  a  wafer.  These  regions  of  GaAs  are  grown  on  an  oxide-patterned  substrate  using 
SAE,  and  well-defined  crystallographic  facets  are  formed  while  no  growth  occurs  on  the  oxide.  Then 
SAE  is  used  again  to  form  the  InAs  SOQDs.  The  InAs  growth  rates  are  different  on  the  various  GaAs 
facets.  We  utilize  this  fact  so  that  only  on  a  specific  facet  (e.g.,  the  (100)  top  surface)  is  the  InAs  suffi¬ 
ciently  thick  for  strain-induced  islanding  (SK  growth  mode)  to  occur  and  SOQDs  are  formed.  The 
width  of  these  (100)  facets  can  be  reduced  to  the  sub-250  nm  range  by  crystal  growth  without  using 
fine-line  lithography.  By  patterning  the  oxide  in  an  appropriate  manner,  arrays  of  SOQDs  can  then  be 
formed.  This  points  to  a  possible  path  to  realize  few-  or  single-electron  devices  using  “natural”  crystal 
growth  processes. 
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4.  Summary 

In  conclusion,  we  have  demonstrated  a  new  technique  in  the  formation  of  SOQDs.  This  approach 
makes  use  of  selective  area  epitaxy  and  faceted  growth  on  oxide-patterned  substrates,  and  allows  InAs 
SOQDs  to  be  positioned  selectively  on  GaAs  facets  with  sub-250  nm  widths.  Our  initial  results  show 
that  selective  positioning  of  SOQDs  can  be  achieved  by  controlling  crystal  facet  grovrth,  and  the  sur¬ 
face  diffusion  of  In  adatoms  on  these  facets  strongly  influence  the  spatial  uniformity  and  density  of  the 
SOQDs  being  formed  by  the  Stranski-Krastanow  growth  mode.  With  an  appropriate  design  of  the 
oxide  pattern,  a  two-dimensional  array  of  SOQDs  can  be  positioned  in  a  pre-determined  configuration 
at  a  specific  location  on  a  wafer.  It  is  believed  that,  on  further  development,  this  approach  can  provide 
a  path  for  the  realization  of  few-  or  single-electron  devices  and  other  novel  nanometer-scale  structures 
without  requiring  the  use  of  fine-line  lithographgy. 
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Abstract.  We  report  experimental  evidence  of  improved  in-plane  self-organization  resulting 
from  vertically  stacked  self-assembled  InAs  islands  in  a  GaAs  matrix.  Samples  under  investigation 
were  grown  by  molecular  beam  epitaxy  in  Stranski-Krastanow  growth  mode  and  consisted  of  one, 
five,  ten,  and  twenty  layers  of  coherently  strained  islands  of  InAs  with  all  but  the  last  layers 
covered  with  GaAs.  We  have  studied  atomic  force  microscope  images  of  the  sample  surface 
morphology  and  performed  real  space,  as  well  as  Fourier  space  image  processing.  Along  with  the 
evolution  of  island  size  and  long  range  surface  roughness,  we  clearly  observe  the  onset  of  in-plane 
island  ordering  with  stacking. 


1.  Introduction 

Natural  restrictions  imposed  on  conventional  lithography  techniques  have  led  to  the  development  of 
alternative  approaches  for  the  fabrication  of  0-D  quantum  size  structures.  Currently,  one  of  the  most 
attractive  and  interesting  methods  is  the  growth  of  self-assembled  coherently  strained  semiconductor 
islands,  where  the  dimensions  and  material  choice  of  the  islands  create  the  3-dimensional  confinement. 
While  extensive  research  had  been  devoted  to  the  structural,  optical  and  electronic  properties  of  these 
structures,  litde  improvement  in  the  size  uniformity  and  in-plane  ordering  has  occurred.  Thus, 
characterization  on  large  sample  areas  is  dominated  by  inhomogeneous  broadening. 

Theoretical  models  predicting  island  array  self-organization  were  proposed  by  several  authors  [1,2] 
and  some  evidence  of  the  island  ordering  has  been  detected  in  a  number  of  experimental  works  [3,4]. 
Though  complete  characterization  and  analysis  of  this  ordering  has  not  been  done.  In  the  present 
communication  we  report  experimental  evidence  of  improved  in-plane  self-organization  resulting  from 
vertically  stacked  self-assembled  InAs  islands  in  a  GaAs  matrix  and  provide  some  instmments  for  the 
characterization  of  this  ordering.  These  layered  have  previously  been  shown  to  be  vertically  aligned  in 
columns  and  dislocation-free  [5]. 

2.  Experimental  Samples 

Samples  under  investigation  were  grown  by  molecular  beam  epitaxy  using  Varian  Gen  11  system  in 
Stranski-Krastanow  growth  mode  and  consisted  of  one,  five,  ten,  and  twenty  layers  of  coherently 
strained  islands  of  InAs  with  all  but  the  last  layers  covered  with  GaAs.  The  InAs  islands  and  the  GaAs 
cap  layer  deposition  was  conducted  at  500  °C  with  a  growth  rate  of  0.1  p.m/hr.  ASj  from  a  valved 
cracker  was  used  and  a  V/m  ratio  of  nine  was  maintained  during  the  growth.  Three  monolayers  of  InAs 
were  deposited  to  obtain  coherently  strained  islands  and  then  a  5  nm  cap  layer  of  GaAs  was  grown  on 
top  for  mutilayered  structures.  The  top  layer  of  islands  remained  uncovered. 

3.  Results  and  Discussion 

Our  results  are  based  on  atomic  force  microscope  (AFM)  scans  taken  in  contact  mode  in  the  height 
regime  on  a  Digital  Instruments  Multimode  AFM.  All  scans  were  performed  along  the  (110) 
crystallographic  direction  of  the  GaAs  substrates.  Figure  1  shows  two  such  scans  obtained  on  the 
samples  grown  under  conditions  described  above.  Figure  1(a)  shows  the  top  view  of  a  surface  with  a 
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Fig.l.  Visual  comparison  of  the  surface  morphology  of  one  (left)  and  twenty  (right)  layered  samples  of  InAs  self-  assembled 
coherently  strained  islands  on  GaAs.  Length  scale  applies  to  both  plots. 

single  layer  of  coherently  strained  InAs  islands  on  GaAs,  while  figure  1(b)  shows  the  surface 
morphology  of  a  sample  containing  twenty  stacked  layers  of  InAs  islands,  with  all  layers  but  the  top 
covered  with  5  nm  of  GaAs.  As  one  can  see  from  the  direct  visual  comparison  of  the  two  images  the 
island  density  in  the  top  layer  of  the  20-layered  sample  is  less  than  that  of  the  single  layer  of  islands  and 
because  of  conservation  results  in  an  increase  of  the  island  dimensions  in  the  top  layer,  since  the  InAs 
monolayer  coverage  remains  unchanged.  As  well,  spatial  island  distribution  appears  to  be  more  uniform 
in  the  20-layered  sample  with  some  evidence  of  island  chain  formation  along  the  (100)  directions. 
Therefore,  besides  the  vertical  alignment  of  these  layered  islands,  some  kind  of  lateral  island  ordering 
occurs. 


While  it  can  be  seen  from  the  surface  images  that  some  island  self-organization  is  occuring, 
quantitative  characterization  of  this  process  is  important.  In  this  connection,  various  image  processing 
techniques  become  helpful.  Figure  2  (a,  b)  shows  2-dimensional  Fourier  transforms  of  the  AFM  scans  of 
the  samples  with  one  and  twenty  layers  of  InAs  islands  respectively.  Here,  the  difference  between  the 
two  samples  is  much  more  pronounced.  The  spectrum  of  the  single-layered  sample  image  is  round  in 
shape  and  does  not  have  any  particular  features  connected  with  directionality  or  with  particular  spatial 
frequencies.  On  the  other  hand,  the  Fourier  spectrum  of  the  AFM  scan  of  the  20-layered  sample  surface 
contains  rather  strong  low-frequency  components  originating  from  the  increased  long  range  (several 
hundred  nanometers)  surface  roughness  accumulated  with  InAs  layer  stacking.  As  well  it  exhibits  four 
clear  peaks  in  the  (1(X))  directions  corresponding  to  the  spatial  frequency  of  about  40  nm.  These  peaks 
indicate  the  formation  of  a  partially  ordered  2-dimensionaI  lattice  of  InAs  islands  in  the  top  layer  of  the 
20-layered  structure. 

In  order  to  clarify  the  nature  of  these  peaks,  we  have  performed  an  inverse  Fourier  transformation 
of  the  spectrum  on  figure  2(b),  with  low  and  high  frequencies  cut  off.  This  results  in  the  image  presented 
in  figure  2(c).  One  can  see  a  distorted  but  recognizable  square  lattice  oriented  along  die  (100) 
cryst^lographic  directions,  with  a  period  of  approximately  40  nm. 
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Fig.2  Fourier  spectra  of  the  AFM  images  for  one  (a)  and  twenty  (b)  layers  of  InAs  islands  and  inverse  Fourier  transform  of 
the  “features  of  interest”  in  the  20-layered  sample’s  spectrum  (c). 

To  further  elaborate  on  the  question  of  the  evolution  of  the  InAs  island  ordering  occurring  with 
layer  stacking  we  have  studied  autocovariance  of  the  AFM  images,  samples  consisting  of  one,  five,  ten, 
and  twenty  layers  of  islands.  The  autocovariance  of  the  function  /  of  two  variables  is  calculated 
according  to  the  formula: 

T  T 

Rff(li,v)=  lim  —  J  /f(x,y)f(x  +  ii,y  +  v)dxdy. 

2T  _x--T 

Figure  3  shows  section  of  the  autocovariance  in  the  (100)  direction  for  samples  with  one  (a),  five  (b),  ten 
(c),  and  twenty  (d)  layers  of  InAs  islands.  The  choice  of  the  (10())  direction  is  stipulated  by  the  previous 
observations  of  Fourier  spectra  with  peaks  along  the  (100)  directions,  as  well  as  by  the  fact  that 
autocovariance  functions  of  the  AFM  scans  from  10  and  20-layered  samples  have  distinct  peaks  in  these 
directions.  Our  interpretation  of  the  autocovariance  is  that  the  ratio  of  the  amplitude  of  the  second  peak  in 
autocovariance  function  to  the  amplitude  of  the  central  peak  is  an  appropriate  parameter  for 
characterization  of  short  range  ordering,  while  the  peaks  further  from  the  central  correspond  to  the  long 
range  order.  This  was  verified  by  one-dimensional  simulations  performed  using  Gaussian-shaped  islands 
with  randomized  positions.  As  one  can  see  from  figure  3,  the  island  distribution  is  rather  random  for  a 
single  layer,  where  the  second-to-central-peak-ratio  r  =0.023.  For  the  sample  with  five  layers  wing  peaks 
start  to  appear  in  the  autocovariance  section  with  r  =0.140,  indicating  the  onset  of  the  short  range  order. 
For  the  10-layered  sample  wing  peaks  in  autocovariance  section  are  quite  pronounced  (r  =0.282)  and 
weak  higher  order  peaks  appear.  Finally,  for  the  sample  with  twenty  layers  of  InAs  islands  short  range 
order  is  further  increased  (r  =0.366),  and  the  onset  of  the  longer  range  ordering  is  apparent.  The  distance 
between  the  central  and  the  wing  peaks  in  the  autocovariance  sections  on  is  about  40  nm,  and  is  constant 
for  all  four  samples.  These  facts  can  be  interpreted  as  evidence  of  the  lattice  formation  with  a  period  of 
about  40  nm  that  does  not  depend  on  the  number  of  layers  stacked. 
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250  nm 

Fig.  3  AFM  image  autocovariance  (100)  sections  for  one  (a),  five  (b),  ten  (c)  and  twenty  (d)  stacked  layers  of  InAs  self- 
assembled  islands.  Length  scale  applies  to  all  plots 


4.  Conclusions 

We  observed  an  increased  ordering  of  InAs  coherently  strained  self-assembled  islands  in  GaAs  matrix 
induced  by  the  multi-dot  column  subsurface  structure.  Fourier  transform  and  autocovariance  function 
were  used  as  instruments  for  characterization  of  the  island  array  ordering. 

Although  island  layer  stacking  improves  island  array  self-organization,  perfect  uniformity  of  the 
island  distribution  is  most  probably  unreachable  using  this  technique,  because  of  the  overall  surface 
roughening  accompanying  this  process. 
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Abstract.  We  formed  a  stacked  double  TSR  quantum  dot  structure  and  measured  its  1-V  characteristics.  The 
fine  structure  related  to  TSR  quantum  dots  was  observed  in  the  low  bias  region,  while  negative  differential 
resistances  on  the  order  of  pA  were  observed  in  the  higher  bias  region.  The  fine  structure  is  well  explained  by  the 
resonant  tunneling  through  individual  TSR  quantum  dot  states. 


1.  Introduction 


Quantum  dot  technology  is  one  of  the  most  advanced  technologies  to  date  for  the  fabrication  of 
nanometer-sized  semiconductors.  However,  there  are  problems  related  to  controllability  of  size, 
position,  and  reproducibility  of  quantum  dots  for  device  applications.  Recently,  some  groups  have 
reported  on  electron  transport  through  a  single  self-organized  InAs  quantum  dot  that  are  based  on 
the  S-K  mode  material  growth  method  [1,2],  The  positioning  of  InAs  quantum  dots  has  also  been 
studied  by  several  groups,  but  none  have  yet  succeeded  in  obtaining  precise  control.  Some  other 
groups  have  formed  quantum  dots  by  mesa-etching  and  depleting  from  the  surface  and  succeeded  in 
measuring  electron  transport  through  quantum  dots[3,  4,  5,  6].  It  is,  however,  considered  to  be 
difficult  to  achieve  high  reproducibility  by  this  method  because  of  the  complexity  of  the  fabrication 


process. 

We  previously  proposed  a  new  technology  [7]  that  produced  quantum  dots  grown  in 
tetrahedral-shaped  recesses  (TSRs)  with  better  control  in  positioning,  sizing,  and  reproducibility 


using  a  self-organized  formation  mechanism. 
Especially,  we  can  stack  quantum  dots  easily 
using  our  technology.  In  this  paper,  we  report 
on  the  formation  of  a  stacked  double  TSR 
quantum  dot  structure  and  the  electron 
transport  through  it. 

2.  Fabrication  of  TSR  quantum  dots 

TSR  is  an  inverted,  tetrahedral-shaped 
recess,  which  consists  of  three  equivalent 
{111}A  side  faces,  formed  by  the  selective 
chemical  etching  of  a  (1 1 1)  B-oriented  GaAs 
substrate  with  a  Si02  mask.  After  etching,  a 
GaAs/InGaAs/GaAs  heterostructure  is  grown 
in  the  TSRs  by  LP-MOVPE.  Indium-rich 
regions  are  formed  spontaneously  at  the 


1.1  1.2  1.3  1.4  1.5  1.6 

Energy  (eV) 

Fig  1 .  TMIn  flow  rate  dependence  of  PL  spectra 
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bottom  of  the  TSRs.  In  other  words,  quantum  dots  are  formed  by  self-organized  growth.  They 
confine  electrons  vertically  by  the  InGaAs/GaAs  heterostructure  and  laterally  by  the  modulation  of 
the  indium  composition.  Figure  1  shows  the  77K  PL  spectra  measured  for  different  flow  rate  of 
TMIn  being  used  as  an  indium  source.  A  peak  due  to  quantum  dot  states  is  observed  at  a  lower 
energy  than  that  due  to  quantum  well  states  in  the  spectrum  for  TMIn  flow  rate  of  150  seem.  These 
peaks  shift  to  a  lower  energy  and  a  new  peak  due  to  excited  quantum  dot  states  is  observed  by 
increasing  TMIn  flow  rates.  These  results  show  that  both  the  lateral  and  vertical  potential  profiles  of 
the  quantum  dots  could  be  controlled  by  changing  indium  content. 


3.  Stacking  of  TSR  quantum  dots 

Stacked  quantum  dot  structures  are  very  attractive 
from  the  device  application  point  of  view.  TSR 
technology  allow  us  to  fabricate  such  kind  of 
structures  easily.  Figure  2  shows  a  TEM  image  of  a 
cross-sectional  view  of  stacked  double  TSR  quantum 
dots.  We  grew  20  nm-thick  double  InGaAs  layers  on 
both  sides  of  a  30  nm  thick  GaAs  intermediate  layer. 
Dark  regions  at  the  bottom  of  a  TSR  in  Figure  2 
clearly  show  the  formation  of  stacked  double 
quantum  dot  structure.  The  upper  TSR  quantum  dot 
is  precisely  stacked  over  the  lower  one  of  the  same 
size,  indicating  that  TSR  technology  is  suitable  for 
the  formation  of  stacked  structures. 
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4. 1-V  characteristics  of  stacked  double  TSR  Fig  2.  TEM  Image  of  Stacked-Double  TSR 

quantum  dots 


resonant  tunneling  drain  electrode 
structure  ■ — > 


The  stacked  double  TSR  quantum  dot  structure  for 

the  I-V  measurement  is  shown  in  Figure  3.  We  formed  TSRs  in  an  i-GaAs  layer  grown  on  n-GaAs 
substrates.  After  that,  we  grew  n-GaAs/InGaAs  buffer  layers,  an  i-AlGaAsAnGaAs  triple  barrier 
resonant  tunneling  structure,  and  n- 
GaAs/InGaAs  ohmic  contact  layers. 

Ohmic  contacts  were  formed  by 
evaporating  AuGe/Au  on  the  ohmic 
contact  layer  and  on  the  backside  of 
the  n-GaAs  substrates.  The  structure 
have  two  remarkable  features.  One  is 
that  the  bottom  of  the  TSR  is  close  to 
the  interface  of  i-GaAs  and  n-GaAs 
substrate.  We  can  measure  the 
transport  properties  through  the 
quantum  dots  with  suppressing  the 
current  through  the  TSR  side  faees. 

The  other  is  that  AlGaAs  barriers  are 
used  instead  of  GaAs  to  increase  the 
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Fig  3.  Stacked  double  TSR  quantum  dot  structure 
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vertical  confinement  and  thus  increase  the 
energy  separation  between  quantum  levels. 

Figure  4  shows  I-V  characteristics  of  a 
single  TSR  structure  having  stacked  double 
quantum  dots  measured  at  500mK.  Negative 
differential  resistances  (NDRs)  on  the  order 
of  |xA  were  observed  on  both  positive  and 
negative  biases.  Fine  structure  on  the  order  of 
nA  was  also  observed  at  the  lower  bias  as 
shown  in  the  magnified  inset  figure.  The 
NDRs  at  the  higher  bias  and  the  fine  structure 
in  the  low  bias  region  are  considered  due  to 
resonant  tunneling  through  quantum  well 
levels  and  quantum  dot  levels,  respectively.  It 
is  because  TSR  quantum  dot  levels  are 
formed  at  lower  energy  than  TSR  quantum 
well  levels  as  described  in  PL  measurements. 

Figure  5  shows  details  of  the  structure  on  the 
order  of  nA  on  positive  bias.  Characteristic 
features  of  the  current  turning  on  at  some  bias 
and  decreasing  gradually  were  observed. 

Bryant  calculated  resonant  tunneling  through 
coupled,  double-quantum-dot  nano- 
structures[8].  As  his  calculated  result  for 
strongly  coupled  double  quantum  dots  agrees 
qualitatively  with  our  observed  fine 
structures,  we  attribute  the  fine  structure  to 
resonant  tunneling  through  individual 
quantum  dot  states. 

We  estimated  the  energy  levels  of 
individual  quantum  dot  states  from  the  turn¬ 
on  voltages  in  the  I-V  characteristics  on 
positive  bias.  We  assumed  that  gradually 
decreasing  NDRs  (b,  e  in  Figure  5)  are 

attributed  to  the  states  in  the  bottom-side  quantum  dot  and  the  other  sharp  NDRs  (a,  c,  d  in  Figure  5) 
to  the  top-side  quantum  dot,  because  the  energy  level  shift  in  the  top-side  quantum  dot  is  larger  than 
that  in  the  bottom-side  quantum  dot  for  electrons  injected  from  the  emitter  when  a  positive  bias  is 
applied  to  the  top  contact.  The  estimated  energy  levels  from  the  emitter  Fermi  level  is  shown  in 
Figure  6.  The  energy  level  separations  of  the  bottom-side  and  top-side  quantum  dots  are  40  meV  and 
48  meV,  respectively.  Figure  7  shows  the  details  of  the  I-V  characteristics  on  negative  bias.  No 
NDRs  but  tum-on  characteristics  were  observed.  These  tum-on  biases  are  explained  well  by  the 
resonant  tunneling  through  the  individual  quantum  dot  states,  using  the  estimated  energy  levels  as 
shown  in  Figure  6.  Therefore  we  conclude  that  the  resonant  tunneling  through  individual  quantum 
dot  states  of  a  TSR  stacked  double  quantum  dot  structure  produces  the  fine  structure  in  I-V 
characteristics. 


Voltage  (V) 

Fig  5.  I-V  characteristics  on  positive  bias 
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Fig  7. 1-V  characteristics  on  negative  bias 


5.  Conclusion 

We  formed  a  stacked  double  TSR  quantum  dot  resonant  tunneling  structure,  and  succeeded  in 
observing  the  electron  transport  through  it  for  the  first  time.  The  fine  structure  related  to  TSR 
quantum  dots  was  observed  in  the  low  bias  region,  while  the  NDRs  on  the  order  of  |iA  were  observed 
in  the  higher  bias  region.  The  fine  structure  is  well  explained  by  the  resonant  tunneling  through 
individual  TSR  quantum  dot  states.  The  energy  level  separations  of  the  TSR  quantum  dots  are  40- 
50  meV. 
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Electronic  states  in  quantum  dots: 

Effects  of  symmetry  of  the  confining  potential 
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iV-electron  eigen  states  in  circular,  elliptic,  and  triangular  shaped  quantum  dots  (QDs) 
are  calculated  by  numerically  diagonalizing  the  Af-particle  Hamiltonian.  In  a  circular  QD, 
addition  energy  exhibits  large  values  for  JV  =  2  and  6  due  to  the  complete  shell  filling,  and 
shows  slightly  large  values  for  =  4  and  9  which  corresponds  to  a  spin-polarized  half  filling 
shell  structure  with  the  total  spin  of  5  =  ft  (spin-triplet  state)  and  S  =  3ft/2  (spin-quadruplet 
state),  respectively.  In  elliptic  QDs,  the  degeneracy  of  the  single-particle  states  is  removed, 
resulting  in  transition  of  the  ground  state  from  the  spin-polarized  half  filling  configuration 
to  the  spin  singlet  state  for  a  QD  containing  four  electrons.  The  states  with  3,  6,  and  9 
electrons  in  a  triangular  QD  are  found  to  be  slightly  more  stable  compared  to  a  circular  QD, 
which  is  interpreted  in  terms  of  a  geometrical  effect. 


1  Introduction 

In  quantum  dots  (QDs)  containing  a  few  electrons,  the  Coulomb  interaction  plays  an  important 
role  in  determining  the  energy  states,  and  thus  many  particle  energy  levels  depend  strongly  on  the 
number  of  electrons  in  the  QDs  [1].  Numerical  calculations,  therefore,  require  more  sophisticated 
treatments  such  as  an  exact  diagonalization  method  to  obtain  the  electronic  states  in  QDs.  In  this 
paper  we  calculate  eigen  states  in  QDs  by  numerically  diagonalizing  the  Y-particle  Hamiltonian. 
We  especially  focus  on  the  effects  of  the  symmetry  of  confining  potential  on  the  electronic  states. 


2  Model  and  method 

We  consider  a  vertical  QD  formed  in  an  Ino,o5G2^o.95f^s/AlGa.As  double-barrier  heterostructure 
[2,  3]  as  shown  in  the  inset  in  Fig  1,  where  the  x-y  plane  and  the  z  direction  are  taken  to  be  parallel 
and  perpendicular  to  the  heterointerfaces,  respectively.  In  our  model,  electrons  are  assumed  to 
be  confined  by  the  infinite  square  potential  well,  H{z),  of  width  W  along  the  z  direction,  for 
simplicity.  We  model  the  lateral  confining  potential  V{x,y)  by  the  following  equation 

V{x,y)  =  |m*(w^3;^ -I- w^i/^)  {l-b  o  I  cos3(/)},  (1) 

where  is  the  confining  frequencies  along  the  u  direction  (j/  =  x  or  y),  q  (=  0  or  1)  is  a  parameter 
to  specify  the  shape  of  the  lateral  confining  potential,  and  ^  is  the  angle  with  respect  to  the  specific 
axis  in  the  x-y  plane.  When  a  =  0,  the  contour  line  of  V(x,y)  becomes  an  ellipse  (for  ^  ^y) 
or  a  circle  (for  =  Uy).  A  triangular  shaped  confining  potential  can  be  obtained  by  setting  1  for 
the  parameter  a  and  putting  tUj,  =  cOy. 

For  the  QD  modeled  above,  the  Y-electron  Hamiltonian  can  be  written  as  follows 


N 


n  =  '£no(ri)-k 

j=i 


V ^ - 

)^47re|ri-rj|’ 


(2) 


where  Hoivi)  =  {Pi  ■+  eAif  I2m\-k  V{xi,yi)  -1-  H{zi)  is  the  single-electron  Hamiltonian  with  A 
being  the  vector  potential.  The  material  parameters  for  Iiio.osGao  gsAs  are  computed  by  the  linear 
interpolation  of  the  parameters  between  bulk  InAs  and  bulk  GaAs,  and  we  obtain  the  effective 
mass  of  an  electron  of  m*  =  0.065too  and  the  static  dielectric  constant  of  e  =  12.9eo-  In  the 


CCC  Code  0-7803-3883-9/98/$10.00  ©  1998  IEEE 


544 


Number  of  electrons 


Figure  1:  Chemical  potential  differences  in  circu¬ 
lar  quantum  dots  with  confining  energy  of  3.0meV 
as  a  function  of  number  of  electrons.  Schematic 
illustration  of  a  vertical  quantum  dot  formed  in 
a  double  barrier  heterostructure  is  shown  in  the 
inset. 


Figure  2;  The  ground  state  energy  in  a  circu¬ 
lar  quantum  dot  containing  four  electrons  as  a 
function  of  the  magnetic  field.  Solid  circles,  open 
squares  and  open  circles  are  the  eigen  states  with 
total  angular  momentum  of  0,  ±Ti  and  ±2h,  re¬ 
spectively.  The  transition  of  the  ground  state 
from  spin-triplet  to  spin-singlet  takes  place  at  B  w 
0.25  T. 


present  study,  A^-particle  Slater  determinants  composed  from  the  single-particle  eigen  functions  of 
the  two  dimensional  isotropic  and  harmonic  oscillator  are  taken  as  a  basis  set  to  diagonalize  the 
total  Hamiltonian  of  Eq.  (2).  Because  the  confinement  along  the  a  direction  is  strong  in  real  QDs 
[2,  3]  compared  to  the  confinement  in  the  x-y  plane,  many  eigen-states  fall  in  the  lowest  subband 
formed  by  the  confining  potential  along  the  a  direction,  and  the  single-particle  exited  states  along 
the  2  direction  is  ignored  in  the  following.  The  QD  is,  therefore,  regarded  as  a  disc-like  QD. 

3  Results  and  discussion 

Figure  1  shows  the  chemical  potential  difference,  or  addition  energy,  =  /Un+i  ~  for  the 
circular  QD  with  fiLOx  =  =  3meV  as  a  function  of  N.  The  chemical  potential,  /Xjv,  is  defined 

by  yN  =  En  —  E^-i  with  En  being  the  ground  state  energy  for  the  QD  with  N  electrons. 
has  peaks  sX  N  =  2  and  6  because  of  the  complete  shell  filling.  In  addition,  a  weak  structure  can 
be  seen  at  =  4  and  9  with  the  total  spin  of  5  =  li  (spin-triplet  state)  and  S  =  3?i,/2  (spin- 
quadruplet  state),  respectively,  which  corresponds  to  the  spin-polarized  half  filling  shell  structure 
[2,  4].  Figure  2  shows  the  ground  state  energy  in  a  circular  quantum  dot  containing  four  electrons 
as  a  function  of  the  magnetic  field  applied  along  the  2  direction.  Solid  circles,  open  squares 
and  open  circles  are  the  eigen  states  with  total  angular  momentum  of  M  =  0,  Ah  and  ±2%, 
respectively.  The  energy  shift  A  due  to  the  exchange  interaction  is  found  to  be  0.44meV.  The 
transition  of  the  ground  state  from  the  spin-triplet  [M  =  0)  to  the  spin-singlet  (M  =  —2h)  takes 
place  at  R  sa  0.25  T. 

In  Fig.  3,  we  plot  Ay^  for  two  different  elliptic  QDs  with  the  same  average  confining  energy 
of  {hujx  -|-  hujy)l2  =  3meV.  Open  squares  and  open  triangles  indicate  Ayfj  for  the  QD  with 
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Figure  3:  Addition  energies  in  circular  and  el¬ 
liptic  quantum  dots  as  a  function  of  number  of 
electrons.  Solid  circles  are  the  addition  ener¬ 
gies  for  the  circular  quantum  dot  with  confin¬ 
ing  energy  of  3meV,  Open  squares  and  triangles 
show  the  addition  energies  for  elliptic  quantum 
dots  with  {%Ux,hu>y)  =  (2.5  meV,  3.5  meV)  and 
(2meV,4meV),  respectively. 


Figure  4:  Addition  energies  for  QDs  with  four 
electrons  as  a  function  of  the  confining  energy  fiuiy 
keeping  the  average  confining  energy  a  constant 
of  3meV.  Open  and  solid  circles  correspond  to 
the  spin  triplet  and  spin  singlet  ground  state,  re¬ 
spectively. 


{hu^,hujy)  =  (2.5meV,3.5meV)  and  (2meV,4rneV),  respectively.  Solid  circles  show  the  addition 
energies  for  the  circular  QD.  For  the  elliptic  QDs,  the  addition  energy  has  no  large  peaks  except 
for  the  peak  at  A''  =  6.  This  may  be  interpreted  in  terms  that  the  asymmetry  of  the  confining 
potential  results  in  removal  of  the  degeneracy  of  the  single-particle  states  and  mixing  of  many 
eigen  states  with  various  angular  momenta.  Figure  4  shows  the  addition  energy  for  the  elliptic 
QDs  with  Af  =  4  as  a  function  of  the  confining  potential  fiwj,  keeping  the  average  confining  energy 
a  constant  value  of  3meV.  Open  and  solid  circles  correspond  to  the  spin  triplet  and  the  spin 
singlet  ground  state  for  the  QD  containing  four  electrons,  respectively.  For  elliptic  QDs  with  weak 
asymmetry  (3meV  <  faoy  ^  3.3ineV),  the  spin  triplet  states  remain  the  lowest  eigen  state,  and 
the  addition  energy  decreases  with  increasing  the  asymmetry  due  to  the  removal  of  the  degeneracy 
of  the  single-particle  states  as  mentioned  above.  For  QDs  with  hiOy  >  3.3  meV,  the  spin  singlet 
sta.te  becomes  the  ground  state,  and  the  addition  energy  increases  with  increasing  ujy.  This  may 
be  explained  by  considering  the  following  fact.  With  increasing  the  asymmetry  of  the  confining 
potential  in  the  x-y  plane,  a  disc-like  QD  approaches  to  a.  needle-like  QD,  and  the  complete  shell 
filling  may  take  place  in  a  needle-like  QD  containing  four  electrons. 

Figure  5  shows  A/u^r  for  the  triangular  QD  of  =  Tvjjy  =  3  meV  in  which  A^jv  for  the  circular 
QD  are  again  plotted  by  solid  circles  for  comparison.  The  addition  energies  for  the  circular  and 
the  triangular  QDs  are  found  to  exhibit  a.lmost  the  same  characteristics.  The  addition  energy  for 
the  triangular  QD  with  A^  =  3,  6,  and  9,  however,  is  found  to  be  slightly  larger  than  that  of  the 
circular  QD.  This  feature  may  be  explained  as  follows.  The  density  distribution  of  electrons  in 
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QDs  containing  three  electrons  is  plotted  in  Fig.  6(a)  for  the  circular  QD  and  Fig.  6(b)  for  the 
triangular  QD.  As  seen  in  the  figure,  electrons  in  the  circular  QD  form  a  rotationally  symmetric 
distribution,  and  the  electron  density  becomes  small  in  the  center  of  the  QD  due  to  the  electron- 
electron  repulsion.  On  the  other  hand,  in  the  triangular  QD,  each  electron  moves  toward  each 
corner  of  the  triangle  and  forms  more  stable  state,  giving  rise  to  a  slightly  larger  addition  energy. 
For  the  same  reason,  electronic  states  for  N  =  6  and  9  in  the  triangular  QD  become  slightly  more 
stable  compared  to  the  case  in  the  circular  QD. 

4  Conclusion 

We  calculated  Af-electron  eigen  sta.tes  in  QDs  with  vertical  confinement  of  square  quantum  well 
and  with  lateral  confinement  of  circular,  elliptic  and  triangular  shaped  potentials.  The  eigen  states 
are  obta.ined  by  diagonalizing  A^-particle  Hamiltonian  utilizing  the  Slater  determinants  composed 
from  the  single  particle  eigen  states  for  the  isotropic  and  harmonic  system.  Due  to  the  rotational 
symmetry  in  a  circular  QD,  electrons  form  the  complete  shell  filling  structures  for  N  =  2  and 
6,  and  the  spin  polarized  half  filling  structures  for  N  =  A  and  9.  In  elliptic  QDs,  the  addition 
energy  exhibits  no  longer  clear  structure  in  the  plot  of  addition  energy  vs.  number  of  electrons  A^, 
except  for  N  =  6,  which  is  explained  in  terms  of  the  asymmetry  of  these  systems.  In  a  triangular 
QD,  slightly  stable  states  due  to  the  localization  of  the  electrons  at  the  corners  are  expected  for 
N  =  3, 6,  and  9. 
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Figure  5:  Chemical  potential  differences  in  a  cir¬ 
cular  quantum  dot  (solid  circles)  and  a  triangu¬ 
lar  quantum  dot  (open  triangles)  as  a  function  of 
number  of  electrons.  Tiuj^  =  hujy  =  3meV.  Three 
dimensional  view  and  contour  lines  of  the  trian¬ 
gular  confining  potential  are  plotted  in  the  inset. 


Figure  6:  Density  distribution  of  electrons  in  the 
quantum  dots  containing  three  electrons  with  a 
circular  (a.)  and  a  triangular  (b)  shaped  confining 
potential  in  the  plane  parallel  to  the  heterointer¬ 
face.  fo  is  20  nm. 
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Abstract 

Quantum  dot  (QD)  edge  emitting  and  vertical  cavity  lasers  are  realized  using  a  self- 
organized  growth  approach.  Threshold  current  densities  at  room  temperature  (RT)  of  about 
60  A/cm^  for  edge  emitting  and  170  A/cm^  for  vertical  cavity  lasers  are  measured.  High 
internal  (>96%)  and  differential  (70%)  efficiencies  are  obtained  for  InGaAs-AlGaAs  lasers 
based  on  vertically  coupled  QDs  and  RT  1  W  continuous  wave  operation  is  demonstrated.  QD 
lasers  exhibit  much  larger  gain,  differential  gain  and  smaller  linewidth  enhancement  factor  as 
compared  to  conventional  quantum  well  devices. 


1.  Introduction 

Significant  improvements  in  characteristics  of  injection  lasers  are  achieved  for  QDs  as  gain  medium  [1].  Such  structures 
provide  an  ultimate  limit  of  size  quantization  in  solids  and  an  extremely  large  change  of  electronic  properties  as  compared 
to  quantum  wells  and  wires  is  observed.  8-function  like  density  of  states  and  strong  confinement  of  electron  and  hole 
wavefunctions  in  a  QD  result  in  reduction  of  threshold  current  density,  improved  temperature  stability  of  threshold  current, 
ultrahigh  material  and  differential  gain  of  QD  lasers  [2].  On  the  other  hand,  until  recently,  there  was  a  lack  of  fruitful  ideas 
to  fabricate  QDs  which  can  be  used  for  realistic  devices  and  are  compatible  to  modem  device  technology. 

2.  Growth 

A  layer  of  a  material  having  a  lattice  constant  different  from  that  of  the  substrate,  after  some  critical  thickness  is  deposited, 
can  spontaneously  transform  to  an  array  of  three-dimensional  islands  [3].  More  recently  it  was  shown,  that  there  can  exist  a 
range  of  deposition  parameters,  where  the  islands  are  small  (-10  nm),  have  a  similar  size  and  shape  [4,  5]  and  form  dense 
arrays.  Due  to  the  strain-induced  renormalization  of  the  surface  energy  of  the  facets,  an  array  of  equisized  and  equishaped 
3D  islands  can  represent  a  stable  state  of  the  system  [6].  This  is  directly  confirmed  for  the  most  extensively  studied  MBE 
growth  in  the  InAs-GaAs  material  system  by  the  reversibility  of  the  islanding  -  surface  planarization  process.  The  reversible 
transition  occurs  when  the  surface  stoichiometry  is  changed  from  As-rich  (islanding)  to  In-rich  (planarization),  and  vice 
versa  [7].  High  arsenic  pressure  results  in  reduction  of  the  characteristic  QD  size  and  in  formation  of  high  concentrations  of 
dislocated  InAs  clusters.  Thus,  a  stable  array  of  3D  InAs  islands  on  GaAs  (100)  substrate  exists  only  in  some  part  of  the 
“arsenic  overpressure  -  substrate  temperature”  phase  diagram  as  is  demonstrrated  also  for  MOCVD  growth  [7].  When  the 
surface  density  of  the  QDs  is  high,  interaction  of  the  islands  via  the  substrate  makes  also  their  lateral  ordering  favorable  [6]. 
If  strained  InAs  islands  are  covered  with  a  thin  GaAs  layer,  the  islands  in  the  second  sheet  are  formed  over  the  dots  in  the 
first  sheet,  resulting  in  a  three-dimensional  ordered  array  of  QDs  either  isolated  [3,  9]  or  strongly  vertically-coupled  [3, 7, 
10,  1 1].  The  size  and  the  shape  of  InAs  islands  can  be  changed  by  changing  the  deposition  mode.  Bright  luminescence 
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(300  K)  from  InGaAlAs  QDs  in  (Al,Ga)As  matrices  can  be  tuned  in  the  range  0.7  - 1.36  ^m.  Modification  of  the  QD  PL 
energy  is  also  possible  via  post-growth  annealing  [12]. 

2.  Electronic  spectrum 

Experimentally  observed  energy  levels  for  electrons  and  holes  agree  with  theoretical  calculations  based  on  QD  geometry 
derived  by  HRTEM  images.  A  remarkable  property  of  a  QD  is  a  narrow  (FWHM<0.1  meV)  atomic-like  luminescence  line 
[13, 14]  which  does  not  show  broadening  with  temperature  [  14]  and  directly  manifests  formation  of  electronic  QD. 

The  transparency  condition  in  a  QD  is  realized  when  it  captures  one  exciton.  Then,  the  probabilities  to  emit  or  to  absorb 
light  are  equal  since  the  ground  state  can  be  populated  by  two  electrons  and  two  holes  [15].  This  assumption  is  valid  if  the 
separation  between  exciton  and  biexciton  recombination  energy  is  smaller  than  the  inhomogeneous  broadening,  otherwise 
after  the  exciton  is  created,  the  biexciton  absorption  line  can  be  significantly  shifted  towards  lower  photon  energies,  and  the 
absorption  and  gain  spectra  of  a  QD  filled  with  one  exciton  become  separated  in  energy.  Thus,  in  this  model  finite  gain 
appears  also  for  single  excitons.  Increase  in  the  excitation  density  results  in  saturation  of  QD  excitonic  gain  followed  by  its 
decrease,  due  to  the  larger  fraction  of  QDs  filled  with  biexcitons.  As  Oppositely,  biexciton  absorption  first  increases  and 
then  drops  to  zero  and  converts  to  gain,  when  most  of  the  QDs  become  populated  with  two  electron-hole  pairs.  Charged 
excitons  and  biexcitons  provide  finite  gain  since  the  ground  state  absorption  is  no  longer  possible.  If  there  is  no  transport 
between  QDs  (particularly  at  low  temperatures)  the  population  of  QDs  with  electrons,  holes  and  excitons  is  defined  by  the 
capture  and  recombination  probabilities  and  is  not  a  function  of  temperature  [15].  The  gain-current  relation  depends  on  the 
capture  mechanism  [15]  whether  electrons  and  holes  are  captured  correlated  or  uncorrelated.  We  note  that  the 
recombination  current  is  not  simply  given  by  the  product  of  electron  and  hole  density  [16].  At  high  temperatures,  thermal 
evaporation  of  carriers  from  dots  may  result  in  the  predominant  population  of  deeper  QDs.  Gain  behavior  is  different  in 
these  cases:  the  gain  maximum  keeps  its  maximum  energy  with  excitation  density  in  the  first  case  while  it  shifts  to  higher 
photon  energies  in  the  second  [15]. 

4.  Capture  and  Relaxation  of  Carriers  in  a  Quantum  Dot 

Carrier  capture  efficiency  is  very  high  in  properly  designed  structures  with  high  concentration  of  QDs  [17].  No  degradation 
in  PL  efficiency  at  low  temperatures  and  only  moderate  decrease  at  RT  were  found  in  deep  etched  mesa  structures 
fabricated  from  samples  with  QDs  when  the  mesa  size  was  varied  between  1  and  0.2  pm.  As  opposite,  no  luminescence  at 
RT  can  be  recorded  from  deep  mesas  of  similar  size  fabricated  from  quantum  well  samples.  The  nonequilibrium  carrier 
capture  time  to  QD  was  estimated  in  [  17]  to  be  below  1  ps. 

Carrier  relaxation  to  the  InAs-GaAsQD  ground  state  was  found  to  be  about  40  ps  for  excitation  in  the  GaAs  matrix  and 
25-40  ps  for  direct  excitation  in  the  QD  excited  state.  In  the  latter  case  the  lifetime  of  the  exciton  in  the  QD  exited  state  and 
the  population  time  of  the  QD  ground  state  coincide  [18].  Lower  values  are  measured  when  the  energy  separation  between 
the  QD  ground  and  excited  state  fits  to  integer  number  of  InAs  LO  phonons.  These  results  are  in  agreement  with  the  PLE 
data,  also  showing  enhanced  relaxation  in  this  case  [5, 19].  The  measured  values  agree  favorably  with  the  ground  state 
population  time  in  high  quality  QWs  which  are  about  100  ps  [20],  while  they  are  much  longer  than  the  higher  subband 
depopulation  time  (-1  ps)  in  the  QW  case  making  QDs  potentially  important  for  application  in  IR  lasers  based  on  electron 
interlevel  transitions. 

5.  Realization  of  Quantum  Dot  Lasers 

InGaAs-GaAs  QD  lasers  operating  under  photopumped  excitation  both  at  low  and  at  room  temperature  have  been  fabricated 
already  in  1993  [21].  The  first  report  on  injection  lasing  already  revealed  most  important  fingerprints  and  problems  of  QD 
lasers  [22].  At  low  observation  temperatures  very  high  characteristic  temperatures  (>400  K)  are  observed.  At  high 
temperatures,  however,  evaporation  of  excitons  from  dots  results  in  a  decrease  of  QD  gain  for  the  same  drive  current,  and  in 
order  to  keep  lasing  conditions  fulfilled  (gain  equals  total  losses)  one  needs  to  increase  the  current.  Electroluminescence 
from  QDs  in  edge  geometry  is  significantly  depolarized  [7]  due  to  hole  quantization  in  all  three  dimensions,  as  opposite  to 
QW  structures,  where  heavy  hole  emission  is  completely  TE  polarized.  Lasing  resonant  to  the  ground  state  (GS)  of  QDs  and 
low  threshold  current  densities  (7,*)  have  been  demonstrated  in  this  range  as  well.  At  higher  temperatures,  evaporation  of 
carriers  from  InGaAs  QDs  into  a  GaAs  matrix  resulted  in  a  decrease  in  the  QD  gain,  increase  in  7,*,  and  at  300  K,  the  lasing 
energy  comes  closer  to  the  wetting  layer  energy  [23].  To  overcome  this  problem  vertically  electronically  coupled  QDs  have 
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been  applied  reducing  the  J,*  both  at  low  and  at  high  temperatures  down  to  90  A/cm'^  (300K,  At  10)  resulting  in  GS  QD 
lasing  up  to  room  temperature  (RT),  Using  MOCVD  ground  state  lasing  for  a  single  QD  layer  at  RT  was  obtained  for  GalnP 
barriers  [8]  (see  Fig.  1). 


Energy  (eV) 


Figure  1 ,  Photo-  and  electroluminescence  of  single-sheet  InAs/InGaAs/GaAs  QD  laser  with  InGaP  cladding  layer  showing 
near-to-groundstate  emission,  jth^  1 10  A/cm^  at  300  K. 

Ultrahigh  material  gain  [24]  and  suppression  of  gain  saturation  in  coupled  QDs  [25]  have  been  demonstrated.  Further 
improvements  were  obtained  by  putting  coupled  QDs  in  an  AlGaAs  matrix,  providing  better  localization  of  carriers  in  QDs. 
J,/,  was  further  reduced  down  to  60  A/cm'^  [9,  18]  andaRTCW  lasing  with  IW  has  been  realized  for  a  structure  with  10 
stacks  of  InGaAs- AlGaAs  QDs  [26]  (see  Fig.  2).  High  internal  (>96%)  and  differential  (70%)  efficiencies  at  300  K  are  also 
obtained  for  InGaAs-AlGaAs  lasers  based  on  vertically  coupled  QDs  [27].  High  quantum  efficiency  is  realized  also  in  [28]. 
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Figure  2:  Room  temperature  ouput  power  versus  current  for  ten  stacks  of  InGaAs  quantum  dots  in  an  AlGaAs  matrix  (left). 
Electroluminescence  spectra  at  various  output  powers  (right). 


6.  Basic  Advantages  of  Quantum  Dot  Lasers 


6.1  Edge-emitting  lasers 

Low  transparency  currents  and  complete  temperature  insensitivity  of  the  laser  parameters  to  temperature  for  appropriate  QD 
and  barrier  parameters  provide  basic  advantages  of  QD  lasers.  For  the  currently  achieved  10%  QD  size  dispersion,  the 
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theoretical  threshold  current  density  equals  to  only  10  A/cm'^  [15,29]  and  much  lower  values  might  be  obtained  in  structures 
with  improved  QD  homogeneity.  J,h  values  of  12-16  A/cm^  are  measured  for  QD  lasers  in  the  temperature  range  up  to 
180  K  [8]. 

Saturation  material  gain  as  high  as  150  000  cm'*  is  reported  in  [24]  as  compared  to  QW  values  of  about  3000  cm’*.  This 
observation  agrees  fairly  well  with  calculated  values  [15,30]. 

Maximum  dijferential  gain  reported  for  QD  lasers  approaches  10’*^  cm^  and  exceeds  the  QW  laser  values  by  about  three 
orders  of  magnitude  [24]. 

Chirp.  Any  absorption  or  gain  peak  causes  modulation  of  the  refractive  index  near  the  resonance  energy  in  agreement 
with  Kramers-Kronig  transformation.  The  refractive  index  increases  on  the  low  energy  side  and  decreases  on  the  high 
energy  side  of  the  the  absorption  maximum.  A  gain  peak  results  in  the  opposite  behavior.  Thus,  the  photon  wavelength  in 
the  crystal  can  change  during  the  excitation  pulse,  causing  lasing  intensity  jumps  between  Fabry-Perot  modes,  described  by 
the  linewidth  enhancement  factor  (a).  Highly  asymmetric  absorption  and  gain  profiles  in  QWs,  which  also  change  their 
shape  with  excitation  density,  cause  the  a  factor  to  be  about  two.  For  sysmmetric  QD  gain  (or  absorption  spectrum),  the 
change  in  the  refractive  index  near  the  gain  maximum  is  zero  and  a  is  zero.  In  real  QDs,  due  to  the  finite  contribution  of  the 
QD  excited  states  to  the  total  gain  a  is  less  or  about  0.5  [2]. 

Dynamics.  From  direct  observations  of  relaxation  oscillations  cut-off  frequencies  close  to  10  GHz  have  been 
determined  [2,31,  32] 

Exciton  waveguiding.  The  QD  exciton  absorption  peak  can  be  used  intentionally  to  induce  resonant  refractive  index 
enhancement  on  the  low  energy  side  of  the  absorption  peak  and  can  lead  to  entirely  exciton-induced  waveguiding  and 
lasing  [33].  This  approach  is  particularly  attractive  in  materials,  where  no  suitable  lattice-matched  heterocouple  with 
significantly  lower  refractive  index  exists,  such  as  diamond,  silicon,  etc. 

6.2  Surface-emitting  lasers 

The  first  surface-emitting  laser  (VCSEL)  operating  via  the  QD  GS  has  been  reported  for  photopumped  excitation  at  low 
temperatures  [34].  Injection  VCSELs  based  on  stacked  InGaAs-AIGaAs  QDs  were  realized  later  [35].  The  lasing  at  300K 
occurred  via  excited  states  and  J,h  was  about  -5000  A/cm'^.  Using  oxide  defined  7  pm  mesa  and  a  single  sheet  InGaAlAs- 
GaAs  QD  structure,  injection  lasing  via  the  QD  GS  at  -1000  A/cm'^  (300K)  has  been  realized  with  -0.5  mA  total  threshold 
current  [36].  Using  the  novel  concept  of  electronically-coupled  InGaAs-GaAs  QDs  and  oxide-defined  10  pm  mesas,  QD  GS 
CW  lasing  with  a  total  current  of  180  pA  has  been  recently  manifested  (180A/cm’^,  300K)  [37].  Maximum  efficiencies 
amount  to  16%.  Total  currents  of  68  pA  are  measured  for  1  pm  apertures  (see  Fig.  3). 
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Figure  3:  Threshold  current  (top)  and  threshold  current  density  (bottom)  versus  diameter  of  an  oxide  aperture  QD-VCSEL. 
The  active  layer  consists  of  3  vertically  coupled  QD  planes. 
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7.  Conclusion 

It  took  about  7  years  since  the  first  realization  of  photopumped  lasing  in  QWs  until  QW  lasers  with  improved  parameters 
with  respect  to  double  heterostructure  lasers  were  created.  The  recent  progress  in  the  area  of  injection  lasers  based  on  self- 
organized  QDs  let  us  hope  that  QD  lasers  with  dramatically  improved  properties  as  compared  to  recent  QW  lasers 
characteristics  will  be  fabricated.  To  conclude  we  summarize  basic  charateristics  of  QD  lasers  in  comparison  with  QW 
lasers.  Further  progress  in  the  area  of  QD  lasers  is  related  to  further  optimization  of  the  structure  geometry  and  growth 
conditions. 


Table  1 PHYSICAL  ADVANTAGES  OF  QD  LASERS 


Laser  Parameter 

Ouanmm  Well 

Quantum  Dot 

Threshold  current  density  Lh 

40  A/cm^  (theoretical  limit  at  RT) 

-10  A/cm^  10%  size  dispersion, 
150  K 

60  A/cml  300  K 

Temperature  stability  (To)  of  Joi 

285  K 

infinity 

Saturation  Material  Gain 

-3000  cm'* 

150  000  cm' 

Maximum  Differential  Gain 

5  X  lO"'®  cm^ 

-10'^  cm' 

Lasing  Mechanism 

e-h  plasma  or  excitonic  phonon- 

excitonic/biexcitonic  (symmetric 

assisted  (wide  gap) 

gain  curve,  low  chirp,  excitonic 
waveguide) 

Ground  state  population  time 

20-100  ps 

20-40  ps  (single  QD) 

<15  ps  (coupled  QDs) 

Intersubband  or  interlevel 
relaxation  time 

1  ps 

20-40  ps  (single  QD) 

Table  2:  TECHNOLOGICAL  ADVANTAGES  OF  QD  LASERS 


Laser  Parameter 

Quantum  Well 

Quannim  Dot 

Nonequilibrium  carrier 
spreading  out  of  the  stripe 

YES 

NO 

Facet  overheating  due 
to  surface  recombination 

YES 

NO 

Nonradiaiive  recombination 
enhanced  dislocation 
growth  (due  to  carrier  diffusion 
to  dislocations) 

YES 

SUPPRESSED 

Free-standing  microsiripes 

NOT  POSSIBLE 

POSSIBLE 

1,3  pm  at  RT  on  GaAs(lOO) 

YES 

POSSIBLE 
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Microcavity  Lasers:  Emission  from  a  Fully  Confined  Photon  State 


J.  P.  Reithmaier,  M.  Rbhner,  F.  Schafer,  H.  Zull,  A.  Forchel 
Technische  Physik,  Universitat  Wiirzburg,  Am  Hubland,  97074  Wurzburg,  Germany 

Optically  pumped  three-dimensionally  confined  microcavity  lasers  were  fabricated  by  electron  beam  expo¬ 
sure  and  dry  chemical  etching  with  lateral  sizes  between  1-5  pm.  These  photonic  quantum  dot  lasers  ex¬ 
hibit  a  well  pronounced  optical  mode  spectrum  below  threshold  with  a  large  mode  splitting.  Above  thresh¬ 
old  lasing  takes  place  in  the  fimdamental  mode  with  fourier  transform  limited  line  widths.  Due  to  the  en¬ 
hancement  of  the  coupling  of  the  spontaneous  emission  into  the  lasing  mode  a  significant  reduction  of  toe 
threshold  density  was  observed  by  reducing  the  lateral  size  in  comparison  to  planar  vertical  cavity  emitting 
structures. 


1.  Introduction 


In  conventional  high  performance  edge  emitting  semiconductor  lasers  a  significant  part  of  the  laser 
threshold  can  be  attributed  to  the  spontaneous  emission  loss  which  limits  a  further  reduction  of  the 
threshold  density  [1]  .  A  significant  improvement  of  the  spontaneous  emission  coupling  factor  into  the 
lasing  mode  can  be  achieved  by  microcavity  [2]  or  microdisk  structures  [3].  By  using  a  vertical  cavity 
surface  emitting  laser  (VCSEL)  geometry  low  threshold  values  and  spontaneous  emission  coupling 
factors  P  up  to  10'^  [4]  were  reported.  From  theoretical  considerations  a  further  significant  improve¬ 
ment  is  predicted  by  a  fUll  three-dimensional  optical  confinement  [5]. 

In  this  letter,  we  will  report  on  the  stimulated  emission  from  single  photon  states  of  an  optically 
pumped  microcavity  laser  structure  with  fully  three-dimensional  optical  confinement.  In  these  microca- 
vities  the  optical  modes  are  discretized  in  all  three  space  directions  [6,7].  The  spontaneous  emission  is 
therefore  restricted  to  the  allowed  photon  states  in  the  microcavity.  For  large  energy  splitting  of  the 
photon  states  the  spontaneous  emission  will  couple  into  a  single  mode  and  will  reduce  the  threshold  for 
laser  emission. 


2.  Experiment 

The  microcavity  laser  structures  are  based  on  a  VCSEL  layer  structure  grown  by  molecular  beam  epita¬ 
xy.  The  vertical  cavity  consists  of  two  AlAs/GaAs  Bragg  mirrors  separated  by  a  one  wavelength  thick 
GaAs  layer  (^.-cavity).  At  the  center  of  the  cavity  a  single  GalnAs  quantum  well  is  located  which  is 
spectrally  adjusted  slightly  on  the  short  wavelength  side  of  the  resonance  of  the  vertical  cavity  for  low 
temperature  (2  K).  Reflection  measurements  on  unpattemed  VCSEL  structures  with  19  and  21  mirror 
layer  pairs  of  the  top  and  bottom  Bragg  reflector,  respectively,  show  a  resonance  width  of  the  cold  ca¬ 
vity  of  0.4  meV. 

The  lateral  confinement  was  realized  by  the  large  refractive  index  step  between  air  and  deep  etched 
semiconductor.  The  square  shaped  posts  were  patterned  by  electron  beam  lithography  and  low  damage 
electron  cyclotron  resonance  reactive  ion  etching  (Ar/Cb  mixture).  The  size  of  the  posts  were  varied 
between  1  and  5  pm.  The  structure  was  etched  down  approximately  2.6  pm  through  the  whole  7,-cavity 
and  a  few  mirror  layers  of  the  bottom  Bragg  reflector. 
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Single  microcavity  structures  as  well  as  arrays  of  structures  were  optically  pumped  by  a  Kr"^  (647 
nm)  or  Ti:  sapphire  laser  (830  nm)  in  continuous  wave  operation  at  low  temperature  (2  K).  The  exci¬ 
tation  energy  is  above  the  reflectivity  stop  band  of  the  VCSEL  structure  and  well  below  the  AlAs  band- 
gap.  Because  the  light  absorption  in  the  GaAs  layers  of  the  top  Bragg  reflector  can  not  be  avoided,  the 
internal  excitation  density  is  about  two  orders  of  magnitude  lower  than  the  external  excitation  density. 
Only  the  internal  excitation  density  can  create  carriers  for  recombination  in  the  GalnAs  quantum  well. 
The  light  output  of  these  microcavity  laser  structures  was  analyzed  by  a  0.32  m  (low  resolution  spectra) 
and  1  m  double  monochromator  (high  resolution  spectra),  respectively.  As  detector  a  liquid  nitrogen 
cooled  CCD  camera  was  used. 


3.  Stimulated  emission  from  single  photon  states 

In  Figure  1  emission  spectra  of  microcavity  laser  arrays  were  plotted  slightly  above  threshold  for  two 
different  lateral  sizes.  The  emission  takes  place  mainly  on  the  fundamental  mode  but  also  higher  order 
modes  are  stimulated.  The  arrows  mark  the  energetic  positions  of  the  calculated  photonic  states.  By 
reducing  the  lateral  size  from  4.7  pm  down  to  3.7  pm  the  emission  shifts  to  higher  energies  and  the 
splitting  between  the  fundamental  mode  and  the  next  higher  order  mode  increases  while  the  energetic 


position  of  the  spontaneous  emission  remains  (c.f 
dashed  line  in  Figure  1).  This  behavior  can  be  clear¬ 
ly  seen  already  at  structure  sizes  slightly  below  5 
pm  due  to  the  strong  lateral  confinement  (>  75%  of 
light  intensity  are  laterally  confined).  The  energetic 
positions  of  these  emission  peaks  agree  with  model 
calculations  (arrows  in  Figure  1)  taken  into  account 
the  real  box  like  geometry  in  a  fully  three-dimen¬ 
sional  approach  (more  details  in  [7]). 

In  Figure  2  a  highly  resolved  emission  spectrum 
of  the  fundamental  mode  of  a  single  microcavity 
post  is  plotted  at  an  excitation  power  of  about  20% 
above  the  threshold  power.  The  linewidth  changes 
from  0.4  meV  below  threshold  to  30  peV  above 
threshold.  A  further  reduction  at  much  higher 
excitation  power  could  not  be  observed  but  the 
linewidth  is  already  near  the  resolution  limit  of  the 
measurement  setup.  Also  the  line  shape  changes 
significantly  from  Gaussian  like  below  threshold  to 
Lorentz  like  above  threshold  as  it  is  indicated  by  the 
solid  line  data  fit  in  Figure  2.  This  homogeneously 
broadened  linewidth  coincides  well  with  the 
estimated  photon  cavity  lifetime  of  about  20  ps 
deduced  from  time  resolved  measurements  above 
threshold  and  can  be  interpreted  as  Fourier 
transformation  limited  linetvidth  of  a  single  photon 
state. 


energy  (eV) 

Figure  1:  Emission  spectra  of  microcavity  laser  arrays 
with  different  lateral  sizes  (labeled  in  pm).  The  arrows 
mark  the  lasing  modes  which  coincides  with  the  pho¬ 
tonic  eigenstates  of  the  cavity.  The  dashed  line  marks 
the  energetic  position  of  the  spontaneous  emission 
from  the  GalnAs  quantum  well. 
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energy  (eV) 

Figure  2:  Emission  spectrum  of  a  single  microcavity  la¬ 
ser  structure  emitting  in  the  fundamental  mode.  The  solid 
line  corresponds  to  a  Lorentz  fit  of  the  data  points. 


Figure  3:  External  threshold  excitation  densities  of  arrays 
of  microcavity  lasers  with  different  lateral  sizes  (filled  dots). 
For  comparison  the  threshold  value  of  a  mesa  structure  with 
a  lateral  size  of  100  pm  is  also  included  (open  dot). 


4.  Size  dependence  of  laser  threshold  and  spontaneous  emission  coupling  factor 

In  Figure  3  the  external  threshold  excitation  density  is  plotted  against  the  geometrical  lateral  width  of 
the  microcavity  posts.  A  significant  reduction  of  the  threshold  excitation  density  down  to  200  W/cm^ 
for  a  lateral  size  of  2.7  pm  can  be  observed  which  is  about  four  times  lower  than  the  value  for  a  mesa 
structure  and  corresponds  to  an  internal  threshold  power  of  0.15  pW  per  post.  By  further  reduction  of 
the  lateral  size  the  threshold  density  increases  once  again  and  below  2  pm  no  lasing  operation  could  be 
observed. 

By  reducing  the  lateral  size  one  expect  first  the  optical  losses  will  increase  due  to  diffraction  and 
side  wall  scattering  as  well  as  losses  due  to  surface  recombination  of  carriers  [8,  9].  But  there  are  ad¬ 
ditional  gain  effects  in  microcavity  laser  structures  which  has  to  be  taken  into  account  and  can  over¬ 
compensate  these  losses.  One  is  the  change  of  the  spectral  overlap  of  the  resonance  position  with  the 
gain  function  (c.f  Figure  1)  and  the  second  one  is  an  improved  spontaneous  coupling  factor  into  the 
lasing  mode.  Due  to  the  well  prepared  photon  states  in  these  microcavity  laser  structures  the  splitting 
energy  between  fundamental  mode  and  the  next  higher  order  mode  exceeds  the  linewidth  of  the  spon¬ 
taneous  emission  for  smaller  lateral  sizes  than  3  pm.  Therefore  an  increased  coupling  efficiency  of  the 
spontaneous  emission  can  take  place  and  will  reduce  the  threshold  excitation  density  as  long  as  the 
losses  are  not  too  large. 

In  Figure  4  the  light  output  intensity  of  a  microcavity  laser  structure  with  a  lateral  size  of  2.7  pm 
(dots)  is  plotted  in  comparison  to  a  mesa  structure  (triangles)  by  varying  the  excitation  power  over 
about  5  orders  of  magnitude.  The  onset  of  lasing  can  be  clearly  seen  as  well  as  the  significant  shift  to 
higher  output  intensity  and  lower  threshold  for  the  microcavity  geometry.  For  estimating  the  spontane¬ 
ous  coupling  factor  theoretical  calculations  were  made  according  to  the  theory  of  Bjdrk  et  al.  [10].  For 
the  one  dimensional  confined  mesa  like  structure  we  can  evaluate  a  value  for  the  P-factor  of  about  0.5- 
1%  which  is  already  more  than  one  order  of  magnitude  larger  as  for  an  edge  emitting  laser.  A  further 
significantly  large  increasement  of  the  P-factor  can  be  achieved  with  a  three-dimensionally  confined 
photon  state  in  a  microcavity  geometry.  A  value  of  about  10%  can  be  roughly  estimated  although  it  can 
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not  be  distinguished  between  5  and  20%.  Due  to  the  high  P-factor  in  microcavity  laser  structures  we 
believe  that  an  important  part  of  the  thres¬ 
hold  reduction  effect  is  attributed  to  the 
enhancement  of  the  spontaneous  emission 
coupling  into  the  laser  mode. 


5.  Conclusions 

Microcavity  laser  structures  with  lateral 
dimensions  between  1-5  pm  were  fabri¬ 
cated  which  allows  a  three-dimensional 
photon  confinement.  Due  to  the  discretiza¬ 
tion  of  the  photon  modes  and  the  large 
splitting  energies  between  the  fundamental 
mode  and  the  higher  order  modes  a  signifi¬ 
cant  enhancement  of  the  coupling  of  the 
spontaneous  emission  into  the  lasing  mode 
was  achieved.  In  this  microcavity  laser  ge¬ 
ometry  the  photon  states  are  well  defined 
and  allows  single  mode  lasing  operation 
with  Fourier  transformation  limited  emis¬ 
sion  linewidths  as  well  as  ultralow  laser 
thresholds  in  the  sub-pW  range. 


Figure  4:  Comparison  of  the  light  output  characteristic  between 
mesa  like  (triangles)  and  microcavity  structures  with  a  diameter 
of  2.7  pm  (dots).  The  solid  lines  mark  the  theoretical  dependence 
according  to  the  theory  of  Bjdrk  et  al.  [10]  as  a  function  of  the 
spontaneous  emission  coupling  factor  p. 
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Abstract:  The  subbands  structure  of  crescent  shaped  GaAs  coupled  quantum  wires  is  clearly  observed  by 
photoluminescence  excitation  (PLE)  measurements.  In  the  PLE  spectra  of  single  quantum  wires  (wire 
thickness  =  4,5nm),  sharp  exciton  peaks  of  the  first  two  heavy  hole-like  transitions  are  observed  with 
large  energy  difference  of  47meV.  However,  two  adjacent  peaks  with  small  energy  splitting  of  24meV  are 
observed  in  the  coupled  quantum  wires  (wire  thickness  =  5nm,  barrier  thickness  =  3nm),  From  the 
measurements  of  the  barrier  thickness  dependence,  these'  peaks  agree  well  with  the  symmetric  and 
antisymmetric  states  of  the  coupled  quantum  wires  calculated  by  the  finite  element  method. 


1.  Introduction 

Coupled  nano  structures[l],  such  as  coupled  quantum-wires  and  -dots,  are  expected  to  be  the  future 
nano  structures  for  applications  not  only  to  new  functional  devices,  but  also  to  ultrafast  devices  with 
quantum  oscillations [2].  The  coupled  electron  waveguide  strucntres,  which  are  the  weakly  coupled 
quantum-wires,  were  proposed[l]  for  use  in  electronic  devices  and  the  fabrication  has  been  report^ 
using  the  split  gate  method[3].  However,  the  confinement  extent  of  the  electron-wave  by  depletion  is 
not  sufficient  for  application  to  opto-electronic  devices  with  optical  nonlinearities  or  intersubband- 
transitions.  We  have  reported  the  fabrication  of  coupled  quantum  wires  by  flow  rate  modulation 
epitaxy  (FME)[4]  on  V-grooved  substrate  in  order  to  realize  the  small  size  structure  with  strong 
coupling[5].  Also  we  have  reported  the  theoretical  analysis  of  the  electronic  states  in  the  coupled 
quantum  wires  [6].  In  this  paper,  we  experimentally  investigate  the  subband  structure  of  the  coupled 
quantum  wires  by  the  photoluminescence  excitation  (PLE)  measurements. 

2.  Structure  and  Electronic  States 

The  coupled  quantum  wire  array  with  period  of  4.8  ft  m  was  grown  by  flow  rate  modulation  epitaxy 
(FME)  described  in  the  previous  publication[5].  After  the  growth  of  quantum  wires,  the  mask  was 
formed  on  the  quantum-wires  and  the  (100)  quantum-films  on  the  mesa  top  and  the  (1 1 1)  quantum- 
films  around  the  mesa  top  were  removed  using  chemical  etching. 

Figure  1  shows  the  cross-sectional  TEM  view  of  the  multi-period  sample  with  different 
barrier  thickness  of  (a)  3.3nm,  and  (b)  1.5nm.  Very  small  crescent  shaped  GaAs  quantum  wires  with 
a  central  thickness  of  5nm  and  a  lateri  width  of  30nm  separated  by  a  thin  AIq  jgGa^  barrier  layer 
are  clearly  observed  at  the  bottom  of  the  V-grooves.  The  vertical  quantum  fi]m[7]  with  A1  contents  of 
0.28  can  be  seen  along  the  (100)  direction  which  is  automatically  formed  during  the  growth.  The  top 
and  the  bottom  quantum  wires  have  almost  the  same  crescent  shape  but  the  top  quantum  wire  is 
slightly  thinner  and  slightly  wider  than  the  bottom  one.  The  energy  difference  between  the  two 
quantum  wires  is  small  (from  5meV  to  lOmeV). 
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(a)  Single  Quantum  Wires  (b)  Coupled  Quantum  Wires 
(t-5nm)  (t=5nm,  b=3nm) 


Fig.  1  TEM  picture  of  GaAs/AlGaAs  coupled  quantum  -30-20-10  0  10  20  30  -30-20-10  0  10  20  30 
wires  with  wire  thickness  of  5nm  X  (nm)  X  (nm) 

(a)  Average  barrier  thickness  of  3.3nm  Fig.2  Charge  density  probability  of  electron  states  in 

(b)  Average  barrier  thickness  of  1 .5nm  (a)  single  and  (b)  coupled  quantum  wires 

The  electron  states  associated  with  the  first  three  confined  states  (conduction  sub-bands)  for 
(a)  single  quantum  wire  with  wire  thickness  of  5nm  and  (b)  coupled  quantum  wires  with  wire 
Sickness  of  5nm  and  barrier  thickness  of  3nm  are  calculated  by  the  finite  element  method  and  the 
counter  plot  of  charge  density  probability  are  shown  in  Fig,  2.  The  structure  is  modeled  from  TEM 
picture  with  considering  the  vertical  quantum  film  region  and  analyzed  using  the  same  procedure  in 
ref.  8  with  same  parameters  in  ref.  6. 

In  single  quantum  wires,  the  higher  order  electron  states  quantized  in  y  direction  (100 
direction  )  are  cut  off  due  to  the  small  thiclaiess,  while  transverse  electron  states  of  e2,  e3  quantized  in 
the  transverse  (x)  direction  are  shown.  In  such  small  quantum  wires,  the  energy  separation  between 
the  1st  (le)  and  2nd  (2e)  electron  states  is  as  large  as  32nieV. 

In  the  case  of  coupled  quantum-wires  (  thickness  of  bottom  quantum  wire  tl=5.  Inm,  top 
quantum  wire  t2=4.6nm,  barrier  layer  b=3.2nm),  the  first,  the  second  and  the  third  states,  correspond 
to  symmetric  state  (le),  antisymmetric  state  (2e)  and  the  transverse  electron-wave  state  (3e).  The 
doublet  state,  symmetric  and  anti-symmetric  state,  are  clearly  seen  even  for  the  crescent  shaped 
asymmetric  coupled  quantum  wires  with  small  energy  difference  of  several  meV. 

In  the  following,  we  call  the  electron  and  heavy  hole  like  transition  as  ie-jhh,  and  the  light  hole 
like  transition  as  ie-jlh,  where  i  (=  1,2,  —  ,  n  )  and  j  (=  1,2, — ,  m)  are  the  quantized  numbers  of  the 
wave  function  for  electron  and  holes,  respectively. 

3.  PLE  characteristics 

PLE  spectra  of  single  period  quantum  wires  are  measured  at  20K  with  the  polarization  of  excitation 
laser  parallel  (PLE//)  and  perpendicular  (PLE±)  to  the  quantum  wires.  The  heavy  hole  like  transition 
and  light  hole  like  transition  can  be  distinguished  by  using  the  information  of  polarization[9]. 

Figure  3  shows  those  of  single  quantum  wires  with  wire  thickness  of  4.5nm.  In  the  Figure 
sharp  exciton  peaks  of  the  first  two  heavy  hole-like  transitions  of  the  energy  of  1.652IeV  and 
1.6986eV  are  observed  with  large  energy  difference  of  46.6meV.  These  peaks  are  due  to  the 
transition  of  fundamental  states  (le-lhh),  and  the  second  states  (2e-2hh)  because  the  energy 
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separation  of  between  2e-2hh  and  le-lhh  are  in  good  agreement  with  theoretical  FEM  result  of 
44meV.  In  the  spectra  of  PLE±,  light  hole-like  transitions  le-llh  and  forbidden  transition  le-21h 
with  energy  of  1.666eV  and  1.6773eV  are  also  observed. 

Figure  4  shows  PEE  characteristics  of  weakly  coupled  quantum  wires  with  wire  thickness  of 
5nm  and  barrier  thickness  of  3nm.  The  adjacent  two  peaks  at  1.6325eV  and  1.6568eV  appear  near  the 
fundamental  transition  energy  in  PLE//.  These  peaks  are  regarded  as  the  symmetric  states  le-lhh, 
antisymmetric  states  2e-2hh  because  the  energy  separation  of  24.3meV  between  le-lhh  and  2e-2hh  is 
close  to  theoretical  result  of  19meV.  The  light  hole-like  transition  is  not  well  resolved  because  le-llh 
peak  ties  behind  the  2e-2hh  peak.  In  the  strongly  coupled  quantum  wires  with  barrier  thickness  of 
7nm,  the  separation  energy  between  le-lhh  and  2e-2hh  is  33meV  which  becomes  larger  compared  to 
the  weakly  coupled  quantum  wires  and  the  light  hole  like  transition  le-llh  with  energy  of  1.6641eV 
are  observed  between  le-lhh  md  2e-2hh  in  PLE-L. 

The  barrier  thickness  dependence  on  the  PLE  spectra  of  coupled  quantum  wires  are  measured 
not  only  from  a)  different  samples  with  different  barrier  thickness,  but  also  from  b)  different  positions 
on  the  same  wafer  where  the  growth  rate  differs  near  the  edge.  Since  the  quantum  wire  array  was 
fabricated  on  a  large  area  (  10mm  x  10mm  )  in  GaAs  wafer,  the  thickness  of  quantum  wire  near  the 
edge  of  the  wafer  differs  from  that  in  the  center  of  the  wafer.  We  have  measured  the  PL  from  the 
different  position  on  the  same  wafer,  and  the  PL  wavelength  of  the  quantum  wire  and  (111)  quantum 
film  was  different  near  the  edge  while  those  of  AlGaAs  eladding  layer  and  vertical  quantum  film 
(VQF)  remain  almost  the  same  all  over  the  wafer.  From  these  results  the  difference  of  PL  wavelength 
of  quantum-wire  is  mainly  due  to  the  growth  rate  difference  between  the  central  and  the  edge  region 
and  is  not  due  to  the  difference  of  A1  composition. 


Energy  (eV)  Energy  (eV) 


Fig.3  PLE  spectra  of  single  quantum-wires  Fig.  4  PLE  spectra  of  coupled  quantum-wires 

(wire  thickness  of  4.5nm)  (wire  thickness  of  5nm  and  barrier  thickness  of  3nm) 
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Figure  5  shows  the  PLE  spectra  from  five 
positions  in  the  same  coupled  quantum  wire  wafer 
( t=5nm,  b=3nm)  with  different  PL  wavelength  of 
(a)761nm(1.6292eV)  (b)  759nm  (1.6335eV),  (c) 
757nm  (1.6378eV),  (d)  755nm  (1.6421eV)  and 
(e)  753nm  (1.6465eV)  .  The  PL  wavelength  of  the 
quantum  wires  decreases  as  the  edge  is 
approached  due  to  decreasing  thickness  of  each  ^ 
layer  near  the  edge. 

In  the  Figure,  the  transition  energy  of  le-  C 
Ihh,  2e-2hh,  and  3e-3hh  increases  as  the  PL  3 
energy  is  increased.  From  the  theoretical  analysis,  ^ 
the  decrease  in  thickness  of  quantum  wire  >- 
increases  each  transition  energy.  The  decrease  in  ^ 
the  thickness  of  barrier  layer  increases  the  splitting 
energy  between  symmetric  states  le-lhh  and 
antisymmetric  state  2e-2hh,  decreases  the  .'tS 
transition  energy  of  symmetric  states  le-lhh,  3e-  ^ 
3hh,  and  increases  the  transition  energy  of  5 
antisymmetric  states  2e-2hh[6].  Thus  we  can 
expect  theoretically  that  the  increase  in  the  energy  |j!^ 
of  le-lhh  and  3e-3hh  is  smaller  than  the  increase 
in  the  energy  of  2e-2hh  versus  the  increase  of  PL 
energy.  In  order  to  confirm  this,  we  have  plotted 
the  transition  energy  of  E( le-lhh),  E(2e-2hh),  and 
E(3e-3hh)  as  a  function  of  the  PL  energy  E(PL)  of 
le-lhh  and  obtained  the  line  with  the  slope  of 
AE(le-lhh)/ AE(PL)  ~L0,  AE(2e-2hh)/ 
dE(PL)  =  1 .546,  A E(3e-3hh)/  A E(PL)  =1.357. 
These  results  are  in  good  agreement  with  the 
theoretical  results  with  the  slope  of  1 .00,  1.67,  1.31 
for  le-lhh,  2e-2hh,  and  3e-3hh,  respetively. 

4.  Conclusions 
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Fig.5.  PLE  spectra  measured  from  five  position 
in  the  same  coupled  quantum  wire  wafer 
(t=5nm,b=3nm)  with  different  PL  wavelength 


We  investigated  the  subband  structure  of  GaAs  coupled  quantum  wire  by  the  photoluminescence 
excitation  (PLE)  measurement.  In  the  weakly  coupled  quantum  wire,  adjacent  two  states  are  observed 
near  the  ground  transition  energy.  The  thickness  dependence  on  the  PLE  spectra  of  coupled  quantum 
wires  are  measured  not  only  from  different  samples  with  different  barrier  thickness,  but  also  from 
different  positions  on  the  same  wafer.  From  these  measurements,  adjacent  two  peaks  agree  vyell  with 
the  symmetric  and  antisymmetric  states  of  the  coupled  quantum  wires  in  the  theoretical  analysis. 
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Abstract.  Micromachined  tunable  VCSELs  are  particularly  useful  for  wavelength  division  muitiplexing 
applications  because  of  their  large  continuous  wavelength  tuning  range  without  mode-hopping.  We  have 
achieved  26  nm  single  mode  continuous  wavelength  tuning  with  threshoid  current  density  as  low  as  550 
A/cm^.  By  reverse  biasing  the  laser,  we  can  obtain  a  tunable  resonant  cavity  photodetector  with  simulated 
linewidth  less  than  2  nm.  Narrow  linewidth  tunable  photodetectors  are  particularly  useful  in  extending  the 
wavelength  separation  between  WDM  channels  beyond  those  offered  by  other  techniques. 

1.  Introduction 

The  explosive  growth  of  communications  in  recent  years  has  put  an  enormous  strain  on  the  existing 
communication  infrastructure.  As  we  are  rapidly  approaching  an  era  where  1  Gb/s  communication  ports 
are  becoming  a  common  place  item,  much  will  have  to  be  done  to  upgrade  the  existing 
telecommunication  and  datacommunication  infrastructures  which  are  still  largely  based  on  coaxial  cables. 
It  is  a  widely  accepted  fact  that  the  future  of  communications  is  in  the  area  of  optoelectronics,  in 
particular,  the  use  of  optical  interconnects  with  low  cost  optoelectronic  components  is  perceived  to  be  tte 
key  to  the  developement  of  communication  networks  of  the  future  [1].  Although  optical  fibers,  in 
particular  erbium  doped  fiber  amplifiers,  have  shown  great  promises  as  optical  interconnects,  their  data 
carrying  capability  has  been  limited  by  the  electronic  modulation  speed  of  the  optoelectronic  component, 
namely  the  semiconductor  lasers.  In  contrast  to  optical  fiber’s  terahertz  bandwidth,  the  best 
semiconductor  lasers  can  only  be  modulated  up  to  <  20  GHz.  Therefore,  in  order  to  fuUy  utilize  the  fiber 
bandwidth.  Wavelength  Division  Multiplexing  (WDM)  scheme  becomes  a  necessity. 

Current  WDM  system  uses  fixed  wavelength  laser  arrays.  However,  fixed  wavelength  laser  array 
has  temperature-control,  system  reliability,  and  manufacturabihty  problems  [2].  Because  of  these 
shortcomings,  wavelength  tunable  lasers  are  indispensable  elements  of  such  an  array  since  the  lasing 
wavelength  of  each  laser  can  be  set,  maintained,  or  changed  to  any  wavelength  within  its  tuning  range. 
Micromachined  Tunable  VCSELs  (hh-TVCSELs)  are  of  particular  interest  because  of  their  large 
continuous  wavelength  tuning  range  without  mode-hopping. 

Besides  lasers,  the  other  important  optoelectronic  component  for  WDM  is  the  photodetector.  Since 
semiconductor  laser’s  linewidth  is  much  less  than  1  A,  wavelength  selective  photodetectors  become  the 
limiting  factor  in  the  number  of  WDM  channels  possible.  Resonant  cavity  photodetectors  with 
wavelength  selection  capability  have  long  been  demonstrated  and  recently  wavelength  tunable 
photodetectors  have  been  shown  [3].  Due  to  resonant  cavity  effect,  these  devices  have  a  large 
responsivity  in  addition  to  a  narrow  linewidth  and  are  particularly  useful  in  extending  the  wavelength 
separation  between  WDM  channels  beyond  those  offered  by  techniques  such  as  Dragone  multiplexers 

[4]-  .... 

In  this  communication,  we  described  a  dual  function  tunable  optoelectronic  device  which  operates  as 
a  Mi-T- VCSELs  in  the  forward  bias  mode  and  as  a  Micromachined  Tunable  Resonant  Cavity 
Photodetectors  (Mi-T-RCP)  in  the  reversed  bias  mode.  Due  to  its  dual  functionality,  this  device  could 
conceivably  play  an  important  role  in  extending  data  transmission  rate  through  optical  fibers.  In  the 
following,  we  will  first  describe  the  structure  of  the  device  followed  by  its  operation  as  a  tunable  laser. 
We  will  dien  present  the  simulation  results  of  its  tunable  photodetection  capability. 
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2.  Device  Structure 


Fig.  1  Schematic  diagram  of  micromachined  tunable  Vertical-Cavity  Surface-Enutting  Laser  and  Microelectromechamcal 

Tunable  Resonant  Cavity  Photodetector 

The  epitaxial  structure  is  grown  using  molecular  beam  epitaxy  (MBE).  The  device  structure  is  shown  in 
Fig.  1.  The  bottom  mirror  is  consisted  of  a  22.5  pair  AlAs/GaAs  DBR  centered  at  970  nm.  The 
semiconductor  cavity  region  contains  two  6  nm  In„2,Gao7pAs  quantum  wells  inside  a  1  X,  Al^  3jGa„  gjAs 
cavity.  The  cavity  is  then  followed  by  1/4  X  Al^  j,Gao  ^jAs,  1/4  X  AlAs,  and  1/2  X  Ga^^  layer  with  a  60 
A  heavily  doped  GaAs  contacting  layer  on  top.  The  1/4  X  AlAs  layer  is  later  oxidized  [5]  to  funnel 
current  to  the  area  underneath  the  membrane  central  reflector. 

Immediately  following  the  heavily  doped  GaAs  layer  is  a  8600  A  Al^gjGa^  ijAs  sacrificial  layer  and  a 
1/4  X  GaAs  layer.  The  Al^,  gjGao  ^As  layer  is  later  etched  to  release  the  deformable  inembrane.  The 
hybrid  top  mirror  is  fabricated  on  top  of  the  1/4  X  GaAs  layer  and  is  made  up  of  1/2  X  SijN^  raechamcal 
layer,  2.5  pairs  SiO/SigN^  dielectric  DBR,  and  1500  A  gold.  We  removed  the  2.5  pairs  SiOj/SijNg 
dielectric  DBR  layer  from  the  membrane  legs  to  reduce  tuning  voltages. 

The  membranes  have  16  to  40  |tm  diameter  square  or  round  central  reflector  region  and  the 
membrane  legs  are  approximately  85  |J.m  long  and  5  lim  wide.  The  mechanical  support  for  the 
suspended  membrane  is  primarily  provided  by  the  1/2  X  SijNg  mech^cal  layer.  The  calculated  top 
mirror  reflectance  of  the  hybrid  mirror  is  99.934%  (at  970  nm)  and  is  largely  aided  by  the  two  air- 
semiconductor  interfaces  as  well  as  by  the  highly  reflective  gold  layer.  The  calculated  bottom  mirror 
reflectance  is  99.874%  (at  970  nm).  Both  top  and  bottom  mirror  reflectance  are  larger  than  99.7%  within 
20  nm  off  the  center  wavelength. 

Diode  current  is  injected  through  four  intracavity  Ti-Au  contact  and  the  backside  of  the  substrate  acts 
as  ground.  Tuning  contact  is  made  on  top  of  the  membrane  posts.  Electrostatic  force  applied  between 
the  tuning  contact  and  the  top  p-layer  of  the  cavity  reduces  the  air  gap  spacing  between  the  membrane  md 
the  semiconductor  cavity.  This  changes  the  Fabry-Perot  cavity  length  and  results  in  a  change  of  lasing 
wavelength.  The  complete  fabrication  process  is  given  in  Ref.  6. 


3.  Device  Characteristics 
3.1  As  Tunable  Lasers 

Diode  lasing  characteristics  ate  measured  by  forward  biasing  the  device  at  room  temperature  without  heat 
sinking.  The  lasing  spectra  is  taken  with  an  optical  spectrum  analyzer  and  the  output  power  is  measured 
with  a  calibrated  power  meter.  The  lowest  measured  threshold  current  and  threshold  current  density  at 
zero  membrane  bias  ate  0.323  mA  and  258  A/cra^  respectitively.  The  largest  measured  output  power  is 
0.39  mW  for  a  20  pm  current  aperture  and  the  largest  measured  quantum  efficiency  is  0.088  W/A  at  zero 
membrane  bias. 

Shown  in  Fig.  2a  is  the  logarithmic  intensity  versus  lasing  wavelength  for  a  single  mode  device 
operated  at  different  membrane  bias  and  at  2.6  mA  constant  driving  cunenL  This  device  has  a  16  pm 
central  reflector  with  6  pm  current  aperture. 
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Fig.  2  (a)  Logarithmic  intensity  versus  lasing  wavelength  for  a  single  mode  device,  inset  is  the  spontaneous  spectra  of  the 
device  at  0  V  membrane  bias,  (b)  Plot  of  lasing  wavelength  versus  membrane  bias,  inset  is  the  lasing  mode  image. 


We  attribute  the  failure  to  lase  at  0  V  membrane  bias  to  a  combination  of  low  material  gain  and  reduced 
mirror  reflectance  near  1  |j,m.  Shown  in  the  inset  of  Fig.  2a  is  the  spontaneous  emission  of  the  device  at 
0  V  membrane  bias.  Lasing  starts  with  14  V  membrane  bias  and  the  device  is  continuously  tunable  with 
a  26  nm  wavelength  tuning  range.  Lasing  is  single  mode  with  20  dB  maximum  side  mode  suppression 
ratio  near  980  nm.  Side  mode  suppression  ratio  reduces  as  the  device  detunes  from  980  nm  and  multi 
transverse  mode  lasing  appears  near  the  end  of  the  tuning  range.  Single  mode  operation  is  still  visible  up 
to  960  nm  and  this  represents  a  23  nm  single  mode  continuous  tuning  range.  Fig.  2b  shows  the 
wavelength  vs.  membrane  bias  with  inset  showing  the  lasing  mode  image. 


3.2  As  Tunable  Detectors 


Tunable  photodetection  simulation  is  separated  into  two  parts.  In  the  first  part,  we  calculate  the  energy 
levels  of  the  quantum  wells  under  different  applied  field.  This  part  of  the  program  will  then  calculate  die 
absorption  strength  of  the  quantum  wells.  Incoiporating  this  information  into  the  second  part  of  the 
program,  we  then  calculate  die  linewidth  and  the  quantum  efficiency  of  the  tunable  photodetector. 

The  quantum  well  analysis  is  done  using  “transfer  matrix”  formalism  [7],  similar  to  those  used  for 
optics  simulations.  First,  the  program  divides  the  quantum  well  structure  into  layers  of  finite  width.  A 
matrix  which  relates  the  forward  and  backward  amplitudes  on  one  interface  with  the  forward  and 
backward  amplitudes  on  the  other  interface  is  then  generated.  By  multiplying  these  matrices,  we  obtain  a 
single  transfer  matrix  for  the  whole  structure  whose  eigenstates  are  then  found  using  a  “tunneling 
resonance”  method.  We  modelled  the  applied  bias  on  the  quantum  wells  using  a  series  of  step-wise 
approximation. 

The  optical  absorption  is  calculated  using  Fermi’s  Golden  Rule.  However,  for  simplicity  of  the 
treatment  we  neglect  excitonic  effects.  The  probability  of  a  photon  being  absorbed  in  passing  through  the 
quantum  wells  is  then  given  by  [7]: 

Pabs=-^^^^^^^|Pcv|"  iKVncIVo 

IHo  n^CEoCOh  nc,nv 

where  e  is  the  electron  charge,  is  the  reduced  effective  mass,  given  as: - = - + - 

M-efr 


•  E  ■“  E  “  E 

^Dc 


) 


,  mo  is  the  mass  of  electron,  n,  is  the  refractive  index,  c  is  the  velocity  of  light,  Eq  is  the  permittivity  of 
free  space,  and  0  is  the  heaviside  function.  We  assume  P,.,  is  approximately  constant.  The  calculate 
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absorption  at  different  wavelengths  is  then  fed  into  an  optical  simulation  program  that  calculates  the 
linewidth  and  quantum  efficiency  of  the  detector. 

Since  there  is  no  bandgap  narrowing  due  to  a  high  conrentration  of  injected  earners  (the  case  tor 
lasers),  absorption  starts  at  974  nm  (for  simulations  without  linewidth  broadening)  which  corresponds  to 
an  airgap  thickness  of  700nm.  Accounting  for  the  electromechanical  limitations  of  the  membrane,  to 
allows  us  to  modulate  about  125  nm  of  the  airgap  spacing  hence  wavelength  tuning  range  is  rather 
limited,  approximately  27  nm.  Using  a  more  realistic  approach  which  includes  Lorentzian  linewidth 
broadening,  the  weak  absorption  tail  enables  photodetector  operation  beyond  974  nm,  hence  tuning  m 
excess  of  50  nm  should  be  realizable,  limited  only  by  the  electromechamcal  limitations  of  the  membrane. 
Shown  in  Fig.  3a  is  a  plot  of  quantum  efficiency  versus  wavelength  for  different  airgap  thickness  at  10 
kV/cm  applied  field  without  linewidth  broadening  and  Fig.  3b  is  a  similar  plot  with  linewidth 
broadening.  Without  linewidth  broadening,  the  simulated  photodetector  linewidth  is  <  2nm.  Including 
linewidth  broadening,  linewidth  varies  from  a  minimum  of  0.1  nm  (for  780  nm  air  gap  thickness)  to  a 
maximum  of  1.8  nm  (for  640  nm  air  gap  thickness),  "nie  smaller  linewidth  at  longer  wavelengths  is 
caused  by  the  absorption  tail.  Due  to  the  small  absorption  coefficient  in  the  tads,  the  back  mirror  (the 
hybrid  mirror  in  this  case)  reflectance  is  not  degraded  by  much.  This  increases  the  finesse  of  the  cavity, 
resulting  in  narrower  linewidths. 


Wavtlength  (nm)  Wavelength  (nm) 


(a)  (b) 

Fig.  3  Plot  of  quantum  efficiency  versus  wavelength  for  different  airgap  thickness  at  10  kV/cm  applied  field: 
(a)  without  linewidth  broadening,  (b)  with  linewidth  broadening  . 
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Abstract.  We  report  the  design,  growth,  and  characterization  of  mid-infrared  emitters  based  on  the 
GaAs/AlGaAs  material  system.  The  structures  are  unipolar  intersubband  emitters.  Photocurrent, 
transmission  and  integral  emission  power  measurements  are  performed.  We  also  report  the  temperature 
dependence  of  the  photocurrent  and  current  voltage  characteristics  of  two  emitters. 


1.  Introduction 

The  advent  of  a  unipolar  semiconductor  laser  based  on  intersubband  transitions  in  quantum  wells  in 
1994  marked  a  breakthrough  in  the  application  of  band  structure  engineering  [1].  Since  the  first  unipolar 
Quantum  Cascade  Laser  (QCL)  was  demonstrated  in  1994  [1],  great  progress  in  the  performance  and 
operating  characteristics  of  these  lasers  has  been  achieved.  In  1996  operation  above  room  temperature 
and  peak  powers  of  100  mW  [2]  as  well  as  CW  operation  of  these  lasers  up  to  1  lOK  was  reported  [3], 
In  1997  a  QCL  with  distributed  feedback  was  demonstrated  [4],  tunability  of  this  unipolar 
semiconductor  lasers  was  shown  recently  [5]. 

Until  now  all  the  results  have  only  been  reported  using  a  single  material  system,  InGaAs/InAlAs 
lattice  matched  to  InP,  Strain  requirements  limit  the  composition  of  the  InGaAs  and  the  InAlAs  ternary 
compounds.  The  GaAs/AlGaAs  system  offers  very  good  lattice  match  over  the  whole  range  of 
aluminum  content  in  AlGaAs. 

2.  Samples 

Two  samples,  A  and  B,  are  both  MBE  grown  on  semi-insulating  GaAs  substrates.  Their  active  regions 
consist  of  25  sequences  of  an  active  cell  and  an  injector.  The  growth  sequence  of  the  active  cell  (3 
wells)  of  sample  A  (B)  is  10  (10)  A  GaAs,  15  (15)  A  AlGaAs,  45  (47)  A  GaAs,  20  (22)  A  AlGaAs  and 
45  (40)  A  GaAs  (see  fig.  1).  The  aluminum  content  of  the  AlGaAs  layers  is  45%.  The  undoped  active 
cells  are  separated  by  doped  (2xlO‘Vcm’)  miniband  funnel  injectors  (gray  areas  in  fig.  2).  The  injectors 
are  designed  as  superlattices.  Under  bias  they  form  minibands  that  “funnel”  electrons  from  the  lower 
states  (first  and  second)  of  the  previous  active  cell  into  the  upper  (third)  state  of  the  following  active  cell. 
The  active  region  of  sample  B  is  embedded  between  two  waveguide  cladding  layers,  while  sample  A  has 
only  doped  (lO'Vcm^)  contact  layers  but  no  cladding.  For  the  cladding  layer  of  sample  B  a  doped 
(lO'Vcm^)  superlattice  of  AlAs/GaAs  (30  A/60  A)  is  used. 
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Figure  1:  Scheme  of  the  conduction 
band  of  active  cell  under  zero  external 
bias,  and  the  possible  intersubband 
transitions. 


The  positions  of  the  allowed  energetic  states  in  the  active 
cell  are  depicted  in  fig.  1.  The  spacing  between  the  second 
and  the  first  state  is  tailored  in  a  way  that  the  energy 
difference  under  bias  is  larger  than  the  energy  of  the  optical 
phonon  in  GaAs  (36  meV).  Therefore,  X(2_i)«  X(3.2,  and 
thus  a  population  inversion  is  expected  when  electrons  are 
injected  in  level  three. 

Under  bias  (see  fig.  2)  the  miniband  of  the  injector 
is  aligned  with  the  third  state  of  the  active  cell.  Electrons 
injected  into  this  state  can  make  an  optical  transition  to  the 
second  state  by  emitting  an  infrared  photon.  The  second 
state  is  emptied  by  LO  phonon  assisted  transition  to  the  first 
state  of  the  active  cell.  Then  the  electrons  tunnel  into  the 
injector  of  the  next  period  of  the  cascade. 


3.  Experiment 

The  current-voltage  characteristics  (fig.  5)  are  measured  using  a  standard  quasi-static  method.  The 
samples  are  processed  by  wet  chemical  etching  into  70  x  100  pm^  mesa  structures  for  this  purpose.  The 
sample  is  metallized  by  AuGeNi  contacts.  Measurements  are 
performed  at  liquid  helium  temperature  (4.2K). 

For  transmission  measurements  the  sample  is 
polished,  metallized  and  wedged  on  opposite  facets  for 
coupling  light  into  the  sample  in  the  waveguide  geometry. 

The  wedging  angle  is  38°.  The  sample  is  mounted  on  the  I* 
cold  finger  of  a  LHe-flow  cryostat  equipped  with  ZnSe  iS 
windows.  The  absorption  spectra  are  obtained  using  a 
Fourier  transform  spectrometer  (FTS). 

For  the  near  zero  bias  photocurrent  measurements 
(fig.  3)  the  sample  is  processed  into  mesa  structures, 
metallized  and  wedged  on  one  facet.  The  measurements  are 
done  using  FTS  and  a  broadband  light  source.  The 
photocurrent  signal  from  the  sample  is  amplified  and  fed  Figure  2:  Schematic  of  the  conduction  band 
into  the  spectrometer  detector  input.  under  bias.  Current  injection  produces  infrared 

Measurements  of  the  total  emission  power  are  emission  between  subbands  3-2. 
performed  on  the  same  mesas  characterized  by  photocurrent 

spectroscopy.  The  sample  is  driven  with  electrical  pulses  with  a  repetition  rate  of  about  20  kHz  and  a 
duty  cycle  between  2%  and  30%.  The  measurements  are  performed  at  temperatures  around  10  K.  The 
emitted  light  is  collected  using  parabolic  mirrors  and  focused  to  a  liquid  nitrogen  cooled  MCT  detector. 
The  output  signal  is  processed  using  lock-in  techniques  and  is  recorded  as  a  function  of  the  input  power 
(fig-  4). 


Photocurrent  (arb.  units) 
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Figure  3a:  Absorption  and  photocurrent 
spectra  of  sample  A,  At  elevated  temperatures 
we  can  observe  the  transition  between  subband 
states  2  and  3. 


Wavenumbers  (cm  ') 


Figure  3b:  Comparison  of  the  photocurrent 
spectra  of  samples  A  and  B.  The  positions  of 
the  peaks  are  in  good  agreement  with  the 
calculations  (see  Tab.  1). 


4.  Results  and  discussion 

The  absorption  spectrum  of  sample  A  at  4.2  K  is  shown 
in  fig.  3a.  All  minima  in  the  spectrum  correspond  to  the 
calculated  subband  spacings  (see  fig.  3a  and  table  1). 
Some  deviations  from  the  model  can  be  caused  by 
simplifications  in  the  modeling  and  by  inaccuracy  in  the 
growth. 

Typical  photocurrent  spectra  of  sample  A  are 
shown  in  fig.  3a.  The  spectra  are  recorded  for  different 
temperamres.  Above  lOOK  we  can  observe  an  additional 
peak  at  1420  cm  '  wavenumbers.  This  corresponds  to  the 
transition  (2-3)  (see  tab.  1).  It  occurs  only  at  elevated 
temperatures  since  an  activation  energy  is  required  to 
create  a  population  in  the  second  state.  The  temperature 
dependence  of  the  ratio  between  the  (1-3)  and  (2-3)  peak 
heights  yields  an  activation  energy  of  Ea=20+4  meV 
which  agrees  with  the  measured  spacing  between  the  first 
and  the  second  energy  level  of  23.4  meV  (=188  cm"'). 


Transition 

sample  A  [cm  '] 
calc.  meas. 

sample  B  [cm  ‘] 
calc.  meas. 

1-2 

168 

188 

200 

- 

1-3 

1588 

1633 

1546 

1546 

1-4 

2196 

2153 

2214 

2191 

1-5 

2660 

2730 

2694 

2647 

2-3 

1420 

1433 

1346 

- 

Table  1 

Calculated  and  measured  energetic  spacing  of  the  states  for 
samples  A  and  B  in  wavenumbers. 

Figure  3b  depicts  a  comparison  of  the 
photocurrent  spectra  of  samples  A  and  B.  A  larger 
dominance  of  the  peak  corresponding  to  (1-3) 
transition  can  be  observed  in  the  spectrum  of  sample 
B. 

The  electroluminescent  light  was  analyzed  by  a 
set  of  filters  to  isolate  the  mid-infrared  emission.  The 
polarization  of  the  emission  was  analyzed  by  a  grid 
polarizer.  Both  samples  emit  only  with  the  electric 
field  perpendicular  to  the  quantum  well  layers 
indicating  that  the  emission  is  due  to  intersubband 
transitions. 

In  fig.  4  the  comparison  of  the  total  emission 
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output  power  vs.  input  power  is  shown  for  both  samples  in  arbitrary  units.  The  ratio  of  the  total  output 
powers  Pg/P^  for  an  input  power  density  of  20  kW/cm^  is  15.7.  Sample  B  is  much  more  efficient 

compared  to  A. 


Figure  4:  Total  output  power  of  the  emitted 
radiation  vs.  input  power  density.  Sample  B  is 
more  efficient  and  we  can  observe  the  effect  of 
the  cladding  layer  on  the  curve  of  sample  B. 


The  current-voltage  characteristics  (fig.  5)  of 
sample  A  is  diode  like  with  an  onset  at  about  6  volts. 
The  current-voltage  characteristics  of  sample  B  has 
two  negative  differential  resistance  (NDR)  regions 
due  to  the  presence  of  the  waveguide  cladding  layers, 
which  are  grown  as  superlattices  [6].  In  these  NDR 
regions  the  current,  and  consequently  the  integral 
emission  power,  doesn’t  rise.  Therefore,  plateaus  are 
observed  in  the  P^„,  vs.  Pj^  characteristics  (fig.  4). 

5.  Conclusion 

We  have  designed  and  grown  intersubband  quantum 
cascade  emitters  using  the  GaAs/AlGaAs  material 
system.  We  have  performed  electrical  and  optical 
measurements.  The  results  of  the  measurements  are  in 
good  agreement  with  our  calculations.  First  attempts 
to  fabricate  a  laser  stmcture  from  these  devices 
encountered  difficulties  with  the  electrical  properties 
of  the  waveguide  cladding  layer. 
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Figure  5 

Current  -voltage  characteristics  of 
samples  A  and  B.  In  case  of 
sample  B  we  can  observe  the  in¬ 
fluence  of  the  cladding  layers. 
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Abstract.  We  describe  the  first  mid-infrared  (4  tun)  lasers  and  LEDs  utilizing  strained  InAsSb, 
multi-stage  (or  “cascaded)  active  regions.  An  (n)lnAs  /  (p)GaAsSb  semimetal  layer  is  incorporated 
into  each  stage  as  an  internal  electron-hole  source.  To  date,  2-stage  LEDs  and  2-stage  lasers  have  been 
demonstrated.  Our  multi-stage  devices  were  grown  by  MOCVD, 


1.  Introduction 

Chemical  sensor  and  infrared  countermeasure  technologies  would  become  viable  with  the  availability  of 
high  power,  mid-infrared  (3-6  pm)  lasers  and  LEDs  operating  near  room  temperature.  However,  the 
performance  of  mid-infrared  emitters  has  been  limited  by  nonradiative  recombination  processes  (usually 
Auger  recombination),  which  dominate  radiative  recombination  in  narrow  bandgap  semiconductors. 
Potentially,  Auger  recombination  can  be  suppressed  in  “band-structure  engineered”,  strained  Sb-based 
heterostructures.  Along  with  material  development  efforts,  we  are  exploring  novel  multi-stage  (or 
“cascaded”)  active  regions  to  improve  the  performance  of  Sb-based,  mid-infrared  lasers  and  LEDs.  In 
this  paper,  we  present  a  “progress  report”  on  novel  InAsSb-based,  mid-infrared  devices  grown  by  metal- 
organic  chemical  vapor  deposition  (MOCVD),  and  compare  these  results  with  molecular-beam  epitaxy- 
grown,  InAs/GalnSb  type  II  superlattice  devices. 

The  injection  devices  described  in  this  work  contain  a  GaAsSb  (p)  /  InAs  (n)  heterojunction  to 
form  an  internal,  semi-metal  layer.[  1 ,2]  In  these  devices,  the  semi-metal  acts  as  an  internal  electron 
source  which  can  eliminate  problems  associated  with  electron  injection  (specifically  electron  blocking  by 
cladding  conduction  band  offsets,  n-type  doping  of  claddings,  and  excess  heating  due  to  thermalization 
of  hot  carriers ),  and  this  design  is  compatible  with  MOCVD  materials  and  background  dopings. 
Furthermore,  the  use  of  an  internal  electron-hole  source  enables  us  to  consider  alternative  laser  and  LED 
designs  that  would  not  be  feasible  with  conventional,  bipolar  devices.  Using  the  semi-metal,  InAsSb- 
based  multi-staged  active  regions  can  be  constructed  (see  Figure  la)  where  in  the  absence  of  non¬ 
radiative  losses,  several  photons  would  be  generated  for  every  carrier  injected  at  the  device  contacts.  A 
two  stage  LED  and  a  2-stage  laser  are  described  in  this  work  to  demonstrate  the  feasibility  of  our  idea. 
Similar  to  the  multi-staged  InAsSb  devices,  we  have  reported  cascaded,  type  n  InAs/GalnSb  LEDs  and 
lasers.[3,4]  (see  Figure  lb)  Competing  with  the  Sb-based  mid-infrared  devices,  unipolar  quantum 
cascade  lasers  have  received  much  acclaim,[5]  However,  the  nonradiative  (optical  phonon)  lifetimes  of 
the  unipolar  devices  are  orders  of  magnitude  shorter  than  the  Auger-limited  lifetimes  for  interband 
devices,  and  with  multi-staging,  mid-infrared  interband  Sb-based  lasers  should  have  lower  threshold 
currents  than  unipolar  quantum  cascade  lasers. 

2.  Multi-Staged  (Cascaded)  Device  Demonstrations 

As  an  initial  demonstration  of  a  multi-staged  bipolar  device,  we  produced  a  2-stage/  2-color  LED  using 
InAsSb  quantum  wells  with  1 1%  Sb  in  one  stage  and  13%  Sb  in  the  other.[l]  Each  stage  is  the  segment 
A-B  in  Figure  la.  In  each  stage,  psuedomorphic  InAsSb  quantum  vvells  are  separated  by  500  A  of  InAs. 
(The  InAsSb  devices  are  grown  on  n-type,  InAs  substrates.)  A  600A  thick  AlAs,^Sb,_,  electron  barrier  is 
placed  between  the  2  stages.  Low  temperature  emission  spectra  from  the  2-stage  LED  showed  two 
peaks,  corresponding  to  emission  from  each  stage  for  the  2-stage  device.  Emission  from  a  1 -stage 
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Figure  1  -  (a)  Diagram  of  a  multi-stage  laser  active  region  with  compressed,  type  I  InAsSb  quantum  wells,  semimetal 
electron  injection,  and  AlAsSb  electron  block.[l]  (b)  Diagram  of  a  cascaded  laser  active  region  with  a  type  11,  InAs/GalnSb 
lasing  transition.  Electron-hole  (e-h)  pairs  are  generated  at  the  AlSb,  e-h  tunnel  barrier  in  each  stage.  [2,3] 
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Figure  2  -  (a)  Emission  and  photoluminescence  spectra  of  a  2-stage,  2-color  LED  with  InAsSb  MQW  active  regions  with 
11%  and  13%  Sb  respectively.  Emission  from  a  1-stage  LED,  with  1 1%  Sb,  is  also  shown,  (b)  Emission  spectrum  of  a  2- 
stage  semimetal  injection  laser  with  5  InAsSb  QWs  in  each  stage. 

LED  (grown  during  the  same  run  and  removed  from  the  growth  chamber  in  the  middle  of  the  run)  which 
clearly  corresponds  to  1  peak  of  the  2-stage  emission  is  also  shown,  (see  Figure  2a)  The  relative 
intensities  of  the  peaks  of  the  2-stage  device  are  comparable  to  those  observed  in  PL,  which  indicates  that 
electrons  are  independently  generated  in  each  stage. 

Multi-stage  injection  laser  emission  at  3.8  pm  is  shown  in  Figure  2b.  Similar  to  the  previous 
LED,  the  laser  active  region  consisted  of  2  stages,  each  containing  5  psuedomorphic  InAsSb  quantum 
wells.  Between  stages,  200  A  of  AlASj  ,jSb(,g4  and  300  A  of  compositionally  graded  AlGaAsSb  are 
used  to  confine  electrons  in  the  active  region  and  to  prevent  the  build-up  of  holes  in  the  GaAsSb  layer. 
The  top  and  bottom  claddings  were  2  pm  of  AlASo,ieSb(i84.  The  overall  material  quality  for  this  laser  was 
poor.  Compositional  drift  during  growth  caused  lattice  mismatch,  and  2-color  lasing  may  be  occurring  in 
Fig.  2b  due  to  differing  Sb  composition  of  the  InAsSb  quantum  wells  of  the  2  stages.  Gain  guided  stripe 
lasers,  1  mm  long  were  fabricated,  and  the  lasers  were  tested  under  pulsed  conditions.  The  threshold 
current  density  at  80K  was  3.2  kA/cm^  and  the  maximum  operating  temperature  was  140  K.  With  poor 
hole  confinement  in  the  multi-quantum  well  active  region  and  only  2  stages,  differential  quantum 
efficiencies  >  1  (photon/injected  carrier)  have  not  been  observed  for  the  multi-stage,  psuedomorphic 
InAsSb  devices. 

In  contrast,  emission  from  a  20  stage,  type  11  InAs/GalnSb  laser  (see  Fig.  lb)  has  been 
demonstrated.  [3]  Similar  to  the  InAsSb  devices,  electron-hole  pairs  are  generated  in  each  stage  at  an 
InAs(n)/AlSb/GaSb(p)  semi-metal  layer  with  a  thin  (20  A)  AlSb  tunnel  barrier.  Unlike  the  InAsSb 
devices,  electrons  and  holes  injected  into  the  InAs/GalnSb  lasing  states  cannot  escape.  The  electrons  and 
holes  must  recombine  either  radiatively  or  nonradiatively  at  the  type  H,  lasing  transition.  With  “perfect” 
carrier  confinement  and  20  stages,  differential  quantum  efficiencies  of  1.3  (photon/injected  carrier)  have 
recently  been  reported  for  these  type  n  cascaded  lasers.[4]  Despite  this  advance,  the  type  n  cascaded 
lasers  still  exhibit  large  threshold  currents  and  tum-on  voltages,  producing  unmanageable  heating. 
Subsequent,  3.8  pm  type  11  devices  display  pulsed  operation  up  to  165  K  and  have  a  threshold  current 
density  of  3  kA/cm^  at  80  K.[4] 
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3.  Discussion 

The  unipolar  quantum  cascade  laser  illustrates  the  value  of  using  multiple,  cascaded  lasing  transitions  to 
increase  gain  and  to  overcome  high  non-radiative  recombination  rates.  Optimizing  the  performance  of  the 
cascaded  design,  recent  unipolar  quantum  cascade  lasers  approach  “perfect”  carrier  confinement  with  the 
development  of  “Bragg  reflectors”  that  prevent  electrons  injected  into  the  lasing  state  from  escaping  to 
the  continuum.  [5]  Also,  electron  transport  in  the  unipolar  quantum  cascade  laser  is  very  efficient,  with 
tum-on  voltages  approaching  N  fica  (N  is  the  number  of  stages,  and  hco  is  the  laser  emission  energy). 

In  Sb-based  active  regions  with  poor  hole  confinement,  like  psuedomorphic  InAsSb  multiple 
quantum  wells  with  InAs  barriers,  multi-staging  is  a  convenient  method  for  generating  multi-color 
emission.  (Adequate  electron  confinement  is  provided  by  the  AlAsSb  barrier  as  in  Fig.  la)  However, 
multi-staging  of  psuedomorphic  InAsSb  lasers  would  be  equivalent  to  growing  a  thick  active  region  to 
increase  gain,  and  differential  quantum  efficiencies  >1  should  not  be  expected.  Instead,  multi-staging 
should  prove  effective  to  increase  gain  from  active  regions  with  larger  valence  band  offsets  and  improved 
hole  confinement,  such  as  InAsSb  quantum  wells  with  InAsP  barriers,  where  injection  laser  studies 
indicate  that  holes  diffuse  over  <  10  quantum  wells.[6]  Development  of  MOCVD-grown,  multi-staged 
InAsSb/InAsP  quantum  well  lasers  are  in  progress. 

To  overcome  non-radiative  recombination,  mid-infrared  lasers  will  require  higher  threshold 
currents  and  produce  larger  heat  loads  than  comparable,  shorter  wavelength  devices.  If  the  voltage  drop 
per  stage  greatly  exceeds  fico,  too  much  heat  will  be  produced  in  a  multi-stage  laser  to  realize  any  benefit 
from  the  increased  gain.  In  each  stage,  barriers  like  that  produced  by  the  AlAsSb/GaAsSb  valence  band 
offset  in  InAsSb  devices  (Fig.  la)  or  by  heavy  hole  tunnelling  through  AlSb  layers  in  type  II  devices 
(Fig.  lb)  can  produce  unwanted  charge  build-up  and  voltage  drops.  More  efficient  carrier  transport  is 
required  to  demonstrate  practical,  Sb-based  multi-stage  lasers.  Initial  results  indicate  that  tum-on 
voltages  of  multi-staged  InAsSb  devices  may  be  controlled  with  heterobarrier  doping  and  grading. 

4.  Summary 

Using  a  semi-metal,  GaAsSb(p)  /  InAs  (n)  heterojunction  as  an  internal  electron-hole  source,  interband 
multi-stage  lasers  and  LEDs  have  been  demonstrated  which  emit  at  4  pm.  An  MOCVD-grown,  2-stage 
LED  and  a  2-stage  laser  with  psuedomorphic  InAsSb  quantum  well  active  regions  are  described  and 
compared  with  recently  demonstrated  type  11  InAs/GalnSb  “cascaded”  devices.  Improved  carrier 
confinement  and  efficient  carrier  transport  in  multi-stage  active  regions  are  critical  to  achieve  differential 
quantum  efficiencies  >1  and  to  demonstrate  “cascaded”  mid-infrared  lasers  with  manageable  heating. 
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Abstract.  GaP-Al,GaPi.,  tapered  waveguide  semiconductor  Raman  lasers  have  been  cw-operated  using  a  Ti- 
sapphire  pump  laser.  The  first  Stokes  output  power  is  perfectly  saturated  and  the  intensity  noise  level  reduces 
over  30dB.  Also  they  are  operated  under  pumping  by  a  laser  diode.  Also,  the  semiconductor  Raman  amplifier 
characteristics  ate  shown  to  be  suitable  for  light  frequency  discrimination  in  future  THz  band  as  well  as  WDM 
optical  communication  systems. 


1.  Introduction 

Semiconductor  Raman  lasers  as  well  as  Raman  amplifiers  are  promising  devices  for  future  optical 
communication[l-3].  Very  low  pump  power  operation  of  semiconductor  Raman  lasers  has  been 
achieved  by  using  a  tapered  waveguide  structure  with  GaP  core  and  Al„Ga,.,P  cladding  layers.  The 
lowest  threshold  pump  power  has  been  55mW[4]. 

As  for  Raman  scattering  nature  of  GaP,  there  are  several  papers.  It  is  also  noted  that  there  are  other 
kinds  of  solid-state  Raman  lasers  such  as  spin-flip  semiconductor  Raman  lasers,  LiNbOj  Raman 
lasers,  and  glass-fiber  Raman  lasers. 

In  principle,  a  laser  light  with  frequency  0)^  introduced  into  a  semiconductor  waveguide  causes 
stimulated  Raman  scattering  by  exciting  a  longitudinal  optical  phonon  with  frequency  ,  so  that 
the  optical  gain  is  obtained  at  the  Stokes  light  frequency  C0g=0)j^-  cUp,,,  when  a  signal  light  with 
frequency  cOj  is  introduced  into  a  semiconductor  Raman  amplifier  waveguide.  A  laser  diode  will 
be  the  most  suitable  pump  light  source  because  its  frequency  can  be  quickly  tuned  by  changing 
laser  diode  current. 

In  this  paper,  we  report  cw  operation  of  semiconductor  Raman  lasers,  as  well  as  operation  under 
pumping  by  cw  laser  diodes.  It  has  been  found  that  the  cw-operated  Raman  lasers  show  extremely 
low  noise  characteristics,  which  is  a  result  of  cascade  lasing  of  the  second  Stokes  light[5].  We  also 
report  the  frequency  discriminating  characteristics  of  the  semiconductor  Raman  amplifiers,  which 
can  be  utilized  as  demodulators  in  future  terahertz-band  optical  communication  as  well  as  dense 
WDM  optical  communication. 


2.  Experimental  and  discussion 

Figure  1  illustrates  the  structures  of  GaP-Al,Ga,.,P  waveguide  semiconductor  Raman  lasers  and 
Raman  amplifires.  In  the  case  of  the  Raman  lasers,  the  input  face  of  the  waveguide  is  highly 
transparent  to  the  pump  light ,  while  it  is  highly  refractive  for  the  Stokes  light.  In  the  case  of  the 
Raman  amplifiers  the  input  face  is  usually  anti-reflection  coated  and  the  backside  face  is  coated 
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with  high  reflection  film.  Growth  of  the  heterostructures  has  been  performed  by  TDM-CVP 
(temperature  difference  method  under  controlled  vapor  pressure  )  liquid  phase  epitaxy.  The  optical 
waveguides  with  GaP  core  and  Al,Gai.,P  cladding  layers  fabricated  by  TDM-CVP  show  very  low 
loss  characteristics(  typical  optical  loss  is  0.36dB/cm).  Also,  we  have  introduced  the  tapered 
waveguide  structure  in  order  to  increase  the  pump  field  intensity  inside  the  waveguide  with  keeping 
high  efficiency  coupling  of  the  incident  lights  to  the  waveguide.  As  a  result,  the  threshold  pump 
power  for  lasing  has  been  reduced  lower  than  55mW[4],  and  room  temperature  cw  operation  has 
been  achieved.  Moreover,  it  has  been  found  that  when  the  pump  power  is  increased,  very  perfect 
output  power  saturation  occurs  [5]. 

The  Raman  laser  is  pumped  by  Ti-sapphire  laser  light.  The  first  Stokes  light  starts  to  lase  at  a 
threshold  pump  light  power  P,h=50  to  100m W.  Then,  increasing  the  pump  light  power  to  about 
1.3Pj, ,  the  first  Stokes  light  power  is  suddenly  saturated  at  an  output  power  level  of  about  3mW 
(output  mirror  reflectance  is  99%  in  the  present  experiment).  At  this  point,  the  second  Stokes  light 
starts  to  lase.  We  have  measured  the  output  intensity  noise  spectrum  under  cw  operation 
condition  in  the  frequency  range  from  lOHz  to  lOOKHz  using  a  FFT  analyzer.  As  shown  in  Fig.2, 
the  intensity  noise  level  of  the  saturated  first  Stokes  light  reduces  more  than  30dB  compared  to  the 
intensity  noise  level  of  the  pump  light. 

We  have  shown  that,  in  a  scheme  of  cascade  lasing,  the  lasing  condition  of  the  second  Stokes  light 
requires  the  constant  internal  power  level  of  the  first  Stokes  light  which  acts  as  a  pump  source  for 
the  second  Stokes  light.  This  is  a  kind  of  negative  feedback  mechanism,  which  is  effective  as  long 
as  nonlinear  optical  loss  can  be  neglected.  The  detailed  analysis  will  be  discussed  elsewhere.  The 
above  experiment  has  been  performed  by  using  a  Ti-sapphire  laser  as  a  pump  source.  Then,  we 
have  demonstrated  the  pumping  by  a  laser  diode  instead  of  the  Ti-sapphire  laser.  We  have  used  a 
MOPA  laser  diode  which  operates  at  a  wavelength  of  980nm  with  a  single  longitudinal  mode.  As 
shown  in  Figure  3,  lasing  with  a  threshold  pump  power  less  than  lOOmW  has  been  observed. 


Fig.  1  Structure  of  the  semiconductor  Raman  lasers  and 
Raman  amplifiers. 


frequency  /  Hz 


Fig.  2  The  intensity  noise  spectrum  of  the  cw-operated 
first  Stokes  light  output  power  under  saturation  condition 
compared  with  the  pump  power  noise  spectrum. 
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The  stokes  light  frequency  tuning  over  200  GHz  can  be  made  by  changing  the  pump  laser  diode 
temperature. 

In  contrast  to  the  Raman  lasers,  Raman  amplifiers  have  a  stmcture  shown  in  Fig.l,  in  which  the 
input  face  of  the  waveguide  is  anti-reflection  coated  so  that  both  the  pump  light  and  the  signal  light 
are  introduced  without  reflection.  There  is  a  backreflector  at  the  other  end  face  of  the  waveguide, 
As  a  result,  the  incident  signal  light  is  twice  amplified  in  the  waveguide  and  taken  out  from  the 
input  face  through  a  Faraday  rotator  and  a  polarizer.  The  Ti-sapphire  laser  is  used  for  the  pump 
source,  which  can  be  frequency-tuned  with  resolution  better  than  lOOMHz.  Typical  amplifier 
characteristics  is  shown  in  Figure  4. 

Typical  waveguide  dimensions  are  an  average  width  w=1.8Mm,  an  average  thickness  d=2/xm, 
and  a  length  l=5mm.  Observed  gain  is  1.2dB  at  an  internal  pump  power  level  of  lOOmW.  This 
result  means  that  we  can  expect  8.6  dB  gain  for  a  waveguide  length  10mm,  a  width  1 W  m,  and  a 
thickness  1  fr  m.  It  should  be  noted  that  the  Raman  gain  in  this  stmcture  with  backreflector  is  a  sum 
of  the  contributions  of  forward  and  backward  Raman  scatterings.  From  the  Raman  gain  coefficient 
profile  shown  in  Fig.  4.  the  amplifier  band  width  is  known  to  be  about  24GHz.  This  fact  means  that 
we  can  discriminate  optical  frequencies  with  a  resolution  of  about  24GHz.  This  band  width  is  quite 
suitable  for  future  high  density  WDM  optical  communication  systems  in  which  each  channel  is 
expected  to  have  band  width  over  lOGHz.  Figure  5  illustrates  a  possible  dense  WDM  optical 
communication  system  with  total  frequency  bandwidth  over  ITHz.  Semiconductor  Raman 
amplifiers  can  be  used  to  both  post  amplifiers  after  each  transmitter/modulators  and  also  as 
demodulators  at  each  subscriber  receivers.  In  the  latter  applications  the  semiconductor  Raman 
amplifier  acts  as  a  frequency  tunable  filter  which  has  an  optical  gain.  If  the  signals  are  amplitude- 
modulated,  the  optical  gain  should  be  at  least  higher  than  lOdB  in  order  to  suppress  the  cross  talks 


Fig.3  Lasing  characteristics  of  a  semiconductor  Raman 
laser  under  laser  diode  pumping. 


pump  light  frequency  shift  from  363.70THz,  GHz 

Fig.4  Semiconductor  Raman  amplifier  characteristics 
measured  by  using  frequency  tunable  Ti-sapphire  laser 
pump  source. 
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Fig.  5  WDM  optical  communication  system  with  THz  Fig.6  Demonstration  of  regenerative  amplification  by  the 
frequency  band  width  applying  semiconductor  Raman  semiconductor  Raman  amplifier 
amplifiers  as  demodulators  as  well  as  post  amplifiers. 


with  other  channels,  if  we  do  not  use  any  kind  of  passive  filters  in  combination  with  a  Raman 
amplifier.The  amplifier  gain  can  be  increased  by  regenerative  amplification  as  is  demonstrated  in 
Fig.6.  The  input  face  of  the  waveguide  is  coated  with  a  mirror  which  has  a  reflectance  R=  50%  at  the 
Stokes  light  wavelength  and  R=0  at  the  pump  light  wavelength,  instead  of  anti-reflection 
coating  .The  regenerative  amplifier  gain  has  been  increased  about  two  times  of  that  of  the  broad 
band  amplifier  gain. 


3.  Conclusion 

Semiconductor  Raman  lasers  has  been  cw-operated.  The  intensity  noise  of  the  semiconductor  Raman 
laser  has  reduced  over  30dB  of  that  of  the  pump  light.  They  will  be  applicable  where  low  noise  light 
sources  are  required  such  as  in  optical  heterodyne  detection.  Origin  of  the  power  stabilization  is  a 
feedback  mechanism  through  the  lasing  of  the  second  Stokes  light. 

The  semiconductor  Raman  amplifier  has  a  frequency  discriminating  characteristics  with  bandwidth 
24GHz,  which  will  be  able  to  be  applied  to  terahertz  bandwidth  as  well  as  dense  WDM  optical 
communication  systems. 
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Abstract.  Fundamental  results  obtained  in  an  atomic  force  microscope  (AFM)  chemically-induced  direct  nauo- 
lithography  process  are  presented,  which  is  regarded  as  a  simple  method  for  fabricating  nm-scale  devices  such  as 
single  electron  tunneling  transistors  (SETs)  and  quantum  effect  electronic  devices.  Using  Au-coated  Si  cantilevers, 
we  have  succeeded  in  drawing  nm-scale  oxide  patterns  in  GaAs-based  semiconductor  surfaces  by  AFM;  n^-GaAs 
(1(X))  and  self-assembled  InGaAs  quantum  dots  grown  by  molecular  beam  epitaxy  (MBE)  on  GaAs  (100)  and  (311)8 
substrates.  The  effects  of  AFM  drawing  parameters  such  as  bias  voltage  and  writing  speed  on  oxide  line  quality 
have  been  explored.  GaAs  oxide  lines  as  narrow  as  -40  nm  have  been  patterned  by  this  technique. 


1.  Introduction 

There  is  a  rapidly  growing  interest  in  quantum  effect  electronic  devices  and  single  electron  tunneling 
transistors  (SETs)  operating  near  room  temperature.  The  primary  fabrication  requirement  for  such 
devices  is  uniform  dimensions  on  the  order  of  10  nm  and  even  smaller.  One  approach  is  to  use  self- 
organized  or  self-assembled  small  structures  such  as  poly-crystalline  Si  grains  [1]  and  quantum  dots 
[2,3],  while  the  other  is  to  artificially  fabricate  such  nano-structures.  Though  crystal  growth  methods 
such  as  molecular  beam  epitaxy  (MBE)  can  provide  monolayer  control  in  the  vertical  direction, 
techniques  for  controlling  lateral  dimensions  remain  limited.  Although  common  techniques  such  as 
optical,  x-ray  and  e-beam  lithography  may  continue  to  approach  these  small  dimensions,  they  will  do 
so  only  at  a  greater  cost.  We  seek  for  a  simple  and  inexpensive  alternative  for  fabricating  nm-scale 
structures  and  devices  using  GaAs-based  semiconductors  [4]. 

Surface  modification  capabilities  of  scanning  tunneling  microscope  (STM)  have  been  realized 
shortly  after  its  original  development  as  a  tool  for  atomic-scale  microscopy.  An  STM  operated  in  air 
was  used  to  oxidize  local  regions  of  a  hydrogen-passivated  Si(l  1 1)  surface  for  use  as  etch  masks  [5]. 
Recently,  an  STM  in  UHV  was  used  to  form  Si  oxide  lines  as  narrow  as  1  nm  wide  [6].  On  the  other 
hand,  atomic  force  microscope  (AFM)  has  become  an  attractive  option  for  performing  similar  work, 
because,  among  other  reasons,  it  allows  for  independent  control  over  the  oxidation  mechanism  that 
requires  a  voltage  bias  and  AFM  imaging  mechanism  that  is  done  by  a  contact  force.  In  STM,  a  bias 
is  required  for  both  the  oxidation  and  feedback  control  of  imaging  so  that  the  imaging  of  an  oxidized 
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pattern  must  be  done  carefully  not  to  oxidize  the  surface  any  further.  Recently,  AFM-induced  oxide 
lines  have  been  used  as  etch  masks  to  fabricate  Si  MOSFETs  [7]  and  Si  side-gated  raTs  [8].  On  a 
thin  Ti  film,  Matsumoto  et  al.  have  successfully  fabricated  room  temperature  operable  SETs  with  15 
nm  features  [9].  One  important  aspect  that  has  made  their  work  particularly  unique  was  that  AFM- 
generated  oxides  were  used  as  integral  parts  of  the  SET  device,  and  not  just  as  one  step  in  the 
fabrication  process.  In  this  work,  we  report  on  drawing  nm-scale  oxide  patterns  in  GaAs-based 
semiconductor  surfaces,  which  have  not  been  studied  in  depth  at  present.  For  this,  n^-GaAs  (100) 
and  self-assembled  InGaAs  quantum  dots  grown  by  molecular  beam  epitaxy  (MBE)  on  GaAs  (100) 
and  (31 1)B  substrates  have  been  chosen  for  study.  The  effects  of  AFM  drawing  parameters  such  as 
tip  bias  voltage  and  writing  speed  on  oxide  line  quality  have  been  explored  using  Au-coated  single- 
crystal  Si  cantilevers  (tips). 

2.  Experimental 

By  applying  a  bias  voltage  to  a  conductive  AFM  tip,  negative  with  respect  to  the  sample,  an  intense 
and  localized  electric  field  is  created  at  the  substrate.  There  are  two  known  mechanisms  working  in 
parallel  that  will  lead  to  localized  oxidation;  anodization  through  a  thin  film  of  water  adsorbed  to  the 
substrate  surface,  and  field-enhanced  oxidation  that  helps  ionized  water  molecules  diffuse  through  the 
existing  oxide.  Such  process  is  commonly  referred  as  AFM  nano-lithography  or  nano-oxidation 
process.  GaAs  substrates  used  in  this  work  were  chemically  prepared  by  a  standard  etching  process 
after  a  thorough  degrease  in  the  organic  solvents.  Also  a  detailed  account  on  MBE  growth  of  GaAs 
and  InGaAs  self-assembled  quantum  dots  can  be  found  elsewhere  [10]. 

First,  we  have  conducted  an  investigation  of  the  drawing  parameters  such  as  tip  bias  and  writing 
speed  on  the  oxide  line  quality  in  terms  of  linewidth  and  height.  For  this,  a  computer  script  directed 
the  AFM  to  draw  pairs  of  1  gm-long  lines;  one  left-to-right,  and  another  right-to-left,  at  tip  voltages 
ranging  4  to  12  V.  Cross-sectional  measurements  of  linewidth  and  height  were  taken  at  three  or  four 
different  points  on  each  oxide  line.  The  full  line-pattern  was  drawn  for  tip  writing  speeds  ranging 
0.01  to  3.0pm/s.  Second,  a  square-like  script  was  used  to  draw  oxide  lines  in  self-assembled  InGaAs 
quantum  dots  on  GaAs  in  an  attempt  to  selectively  isolate  or  surround  some  of  those  quantum  dots. 

3.  Results  and  Discussion 

The  effect  of  tip  bias  voltage  and  writing  speed  on  width  and  height  of  GaAs  oxide  lines  are  plotted  in 
Fig.  1(a)  and  (b),  respectively.  The  ambient  humidity  at  the  time  of  experiment  was  <  ~  40%.  As 
shown,  faster  writing  speeds  led  to  thinner  and  narrower  lines  as  the  tip  spent  less  time  over  the 
oxidizing  areas.  Figure  2  displays  an  AFM  image  (rotated  by  90"  for  better  viewing)  showing  the 
effect  of  tip  bias  voltage  on  oxide  line  quality.  Here  pairs  of  1  pm-long  lines  as  described  above  were 
drawn  with  tip  voltages  ranging  8  to  12V  at  a  fixed  writing  speed  of  0.05  pm/s.  Though  higher 
voltages  resulted  in  wider  and  thicker  oxide  lines  due  to  both  enhanced  anodization  and  ion  diffusion 
mechanisms,  it  did  not  result  in  any  noticeable  oxidation  for  bias  voltages  below  6V.  Lower  humidity 
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Fig.  1.  Effects  of  AFM  tip  bias  voltage  and  writing  speed  on  (a)  linewidth  and  (b)  height  of  oxide  lines,  in  n'''-GaAs 
(100)  surface,  respectively.  Both  the  linewidth  and  height  increase  with  higher  voltage  and  slower  writing  speeds. 


generally  resulted  in  narrower  (and  thinner)  lines.  Under  ambient  humidity  of  15  ~  20  %,  oxide  lines 
as  narrow  as  ~  40  nm  were  uniformly  patterned  at  a  tip  bias  of  8  V  and  writing  speed  of  0.05  pm/s. 
This  humidity  dependence  therefore  demonstrates  that  water  vapor  is  necessary  for  nano-oxidation 
process  using  AFM,  and  by  optimizing  these  drawing  parameters  and  controlling  local  humidity  [4], 
we  believe  it  is  possible  to  achieve  smaller  nm-scale  dimensions  with  higher  reliability. 

Another  application  of  AFM  nano-oxidation  process  was  demonstrated  in  self-assembled  InGaAs 
quantum  dots  grown  on  GaAs  by  MBE.  It  can  be  seen  from  Fig.  3  that  several  of  those  Iuq  gGap  2^8 
quantum  dots,  which  were  formed  after  3.5  ML  deposition  on  GaAs  (100)  at  a  growth  temperature  of 
5(X)”C  were  geometrically  separated  by  AFM-induced  oxide  lines.  Here  the  average  quantum  dot 
diameter  and  height  were  30nm  and  6nm,  and  oxide  lines  were  drawn  at  a  tip  bias  =  12  V  and  writing 


Fig.  2.  AFM  image  showing  the  effect  of  tip  bias 
(8-12  V)  on  oxide  line  quality.  Scan  area  is  3pm 
X  3pm. 


Fig.  3.  AFM-induced  oxide  lines  used  to  isolate 
several  InGaAs  quantum  dots  (diameter  -  30nm) 
which  were  self-assembled  on  GaAs(lOO). 
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Fig.  4  AFM-induced  oxide  lines  used  to  isolate  one  dimensional  unifonnly-spaced  array  of  self-organized  Ing  4630  gAs 
stacked  quantum  dots  grown  on  GaAs  (31 1)B  surface  by  MBE;  top  view  (left)  and  cross-section  (right). 

speed  =  0.5iim/s,  respectively.  The  results  were  more  intriguing  for  the  stacked  quantum  dots  grown 
on  GaAs  (311)B  substrate  [11],  in  which  the  dots  were  self-organized  to  form  an  ordered  structure 
rather  being  randomly  distributed.  Figure  4  shows  AFM-induced  oxide  lines  used  to  isolate  one 
dimensional  uniformly- spaced  array  of  InQ4Gao6As  quantum  dots  grown  in  GaAs  (31 1)B  surface. 
The  oxide  lines  were  drawn  at  a  tip  bias  =  10  V  and  writing  speed  =  0.05  |J.m/s  under  50  %  humidity. 
These  configurations  shown  in  Figs.  3  and  4  may  be  used  to  form  Coulomb  Islands  in  SETs  and 
fundamental  elements  in  quantum  effect  devices  with  the  oxide  lines  directly  acting  as  tunnel  barriers. 

4.  Summary 

We  have  demonsttated  nm-scale  direct  lithography  of  GaAs-based  semiconductor  surfaces  by  AFM. 
Higher  tip  voltages  resulted  in  wider  and  thicker  oxide  lines  and  faster  writing  speeds  led  to  thinner 
lines,  however  there  appeared  to  be  minimum  threshold  conditions  for  nano-oxidation  to  take  place. 
In  the  scale  range  studied,  the  resolution  appeared  not  to  be  set  by  intrinsic  sharpness  of  AFM  tips, 
but  probably  related  to  local  humidity  though  it  remains  to  be  a  future  work  to  clarify  the  mechanism. 
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Comparison  of  the  Effects  of  Different  Lateral  Boundary 
Conditions  on  Transport  in  Resonant  Tunneling  Diodes 
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Abstract.  Small  resonant  tunneling  diodes  (RTDs)  will  be  required  to  achieve  high 
speed  with  low  power  dissipation.  We  have  modeled  transport  in  RTDs  including 
lateral  boundary  conditions,  and  find  that  the  peak-to-valley-current  ratio  of  small  RTDs 
can  be  significantly  degraded.  For  an  example  in  which  p-type  regions  were  used  to 
restrict  the  electron  current  to  the  central  200  nm  of  the  RTD,  the  peak-to-valley-current 
ratio  was  reduced  to  2.8:1  from  26:1  calculated  for  a  large  area  device.  Similar,  but 
smaller,  effects  were  calculated  when  semi-insulating  regions  (as  might  be  produced  by 
a  damage  implant)  were  used  to  define  the  device  area. 

1.  Introduction 

The  high  switching  speed  and  unique  functionality  of  resonant  tunneling  diodes  (RTDs)  provides 
circuit  designers  with  an  important  tool  to  increase  speed  or  to  reduce  device  count  and  power 
dissipation  in  high  speed  analog  and  digital  circuits.  RTDs  with  small  lateral  dimensions  will  be 
required  in  order  to  achieve  simultaneously  high  speed  and  low  power  dissipation.  For  large 
lateral  dimensions  the  problem  is  essentially  one  dimensional,  and  the  physics  of  this  situation  are 
well  understood.  However,  for  lateral  dimensions  of  the  order  of  100  nm,  while  we  can  safely 
ignore  lateral  quantum  effects,  we  can  not  ignore  effects  of  boundary  conditions  used  to  define  the 
device  area.  We  find  that  for  many  cases,  the  peak-to-valley-current  ratio  of  the  RTD  is 
significantly  degraded  by  these  two  dimensional  effects.  The  degree  to  which  the  peak-to-valley- 
current  ratio  is  degraded  depends  on  the  method  used  to  limit  the  tunneling  current  in  the  lateral 
dimension.  In  this  paper,  we  discuss  the  procedure  used  to  model  these  two-dimensional  effects, 
and  compare  results  of  the  modeling  for  different  approaches  to  limiting  device  size. 

Our  modeling  procedure  includes  effects  due  to  the  electrostatic  boundary  conditions  imposed 
by  the  method  used  to  define  the  device  dimension.  We  use  a  commercial  device  modeling 
package[l]  essentially  to  solve  the  electrostatics  problem.  This  in  itself  is  useful  because  for  many 
device  designs  we  find  that  the  current  densities  (even  at  10’  amp-cm"^)  are  low  enough  that  they 
do  not  alter  the  potentials  calculated  by  the  program.  We  calculate  the  tunneling  current  across  the 
diode  using  a  physics  based  parametric  formula  for  the  tunneling  current[2],  which  is 


7  = 


1  -I-  exp((£'p  -E^+E-  w/2)/kT) 
1  +  exp((£f  -  Eg -E-  wl2)lkf) 


■  71/2  + tan  '((£* 


£:w/2)/(r/2))]. 


In  this  formula,  E^  is  the  Fermi  level  position,  is  the  resonance  position,  E  is  the  electric  field, 
w  is  the  barrier  width,  T  is  the  temperature,  F  is  the  resonance  width,  k  is  Boltzmann’s  constant, 
and  x’is  {em  *  fc7T)/(47r^S’),  where  e  is  the  electron  charge,  m  *  is  the  carrier  effective  mass,  and 

h  is  Planck’s  constant  over  2n.  The  denominator  in  the  log  term  involves  the  occupation  of  states 
on  the  collector  side  of  the  barrier,  and  can  be  set  equal  to  1  in  what  follows.  While  the  formula  is 
used  to  solve  a  one-dimensional  example  in  the  reference,  it  can  be  used  for  the  two  dimensional 
case  by  treating  the  Fermi-level  position  and  the  electric  field  perpendicular  to  the  barrier  at  the 
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emitter  edge  of  the  barrier  as  functions  of  lateral  position.  K  and  T  are  treated  as  adjustable 
parameters.  We  include  tunneling  through  a  second,  higher  lying,  resonance  using  a  similar 
expression  as  an  approximation  for  the  v^ley  current  and  beyond.  We  numerically  integrate  this 
expression  across  the  device,  using  the  position  dependent  electric  field  and  Fermi-level  position 
calculated  by  the  device  simulator.  This  provides  us  with  the  total  current  through  the  device 
under  the  bias  conditions  used  for  the  simulation.  Repeating  this  procedure  for  a  range  of  biases, 
we  obtain  the  current-voltage  characteristic  of  the  device. 


2.  Results 

We  compared  results  for  several  different  methods  of  limiting  the  lateral  current  flow.  The  first 
approach  uses  p-type  regions[3]  outside  the  collector  contact  (see  Fig.  1).  We  performed  the 
calculation  for  the  GaAs/AlGaAs  material  system,  but  any  material  system  that  can  be  handled  by 
the  drift-diffusion  simulator  can  be  treated  in  a  similar  fashion.  The  outside  part  of  barrier  is  then 
in  the  depletion  region  of  a  p-n  junction,  and  passes  no  current.  The  current  through  the  central 
part  of  the  diode  is  controlled  in  the  usual  way  by  varying  the  emitter-collector  bias.  Figure  2 
shows  the  current  as  a  function  of  position  across  the  emitter  side  of  the  tunneling  barrier  just 
below  resonance  (1.5  v)  and  well  above  resonance  (2.0  v).  Above  resonance,  the  current  in  the 
center  of  the  device  is  very  low.  However,  there  is  a  transition  region  between  the  center  of  the 
device  which  is  above  resonance,  and  the  outside  of  the  device  which  is  below  resonance  in  which 
a  large  tunneling  current  flows.  The  current  in  this  edge  region  is  responsible  for  the  degradation 
in  the  peak-to-valley-current  ratio.  For  this  example,  die  peak-to-valley  current  ratio  was  reduced 
from  26  to  1  in  a  large  area  device  to  2.8  to  1  for  a  device  with  200  nm  between  the  p-type  regions 
and  a  100  nm  collector  contact. 


emitter 


12.S  nm 


S  nm 


12.5  nm 


-i  100  nmt-»  I 
-  200  nm-~| 
collector 


□  undoped  spacer  I  contact 

□  n*  1x1017  cm-3  B  p*  2x10l7  cm-3 


^  barrier 


Figure  1 :  Schematic  diagram  of  a  structure  in  which  p-type  regions  to  either  side  of  the  collector  are  used  to  limit 
current  flow  to  the  central  200  nm  of  the  RTD. 

We  repeated  this  calculation  for  a  RTD  with  similar  dimensions  in  which  semi-insulating 
regions  limit  current  flow  at  the  outside  of  the  device,  as  would  be  formed  by  a  damage  implant, 
for  example.  The  device  used  for  the  modeling  is  schematically  illustrated  in  Fig.  3.  The  p-type 
material  used  at  the  outer  edge  of  the  device  in  Fig.  1  is  replaced  by  semi-insulating  material.  The 
semi-insulating  regions  was  assumed  to  extend  through  the  barrier  layer  in  this  case.  “High  cone.” 
refers  to  a  case  with  2x10'*  cm  *  deep  donors  compensated  by  1x10'*  cm  *  acceptors,  while  “low 
cone.”  refers  to  a  case  with  2x10’*  cm  *  deep  donors  and  1x10'*  cm  *  acceptors.  The  second  case 
may  be  unrealistically  low  for  a  damage  implant,  but  was  investigated  to  determine  the  trends 
expected  as  the  dose  is  varied,  for  example.  The  depth  of  the  donor  level  below  the  conduction 
band  was  fixed  at  0.67  eV,  near  the  middle  of  the  GaAs  band  gap. 
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Figure  2;  Current  density  versus  lateral  position  on  the  emitter  side  of  the  tunneling  barrier  for  a  bias  of  1.5v,  just 
below  resonance,  and  2.0v,  in  which  the  center  of  the  RTD  is  above  resonance,  for  the  structure  shown  in  Fig.  1, 


emitter 


_  D  undoped  spacer  I  contact 

12.5  nm 

Q  1+ 1x1017  cm-3  ^barrier 


a  SI  2x1018  or  2x1016  cm-3 


collector 

Figure  3:  Schematic  diagram  of  a  structure  in  which  semi-insulating  regions  to  either  side  of  the  collector  are  used 
to  limit  current  flow  to  the  central  200  nm  of  the  RTD,  Deep  level  concentrations  and  compensation  in  the  semi- 
insulating  regions  are  as  described  in  the  text. 

We  find  a  qualitatively  similar,  but  smaller  effect  than  for  the  p-type  case.  Examination  of 
electric  field,  carrier  concentration,  and  tunneling  current  distributions  at  the  emitter  side  of  the 
barrier  show  differences  between  the  p-type  case  and  the  semi-insulating  cases.  First,  the 
transition  regions  are  pushed  farther  out  in  the  semi-insulating  cases,  so  that  the  fraction  of  current 
in  the  transition  region  is  smaller  compared  to  the  current  flowing  in  the  middle  of  the  device  than 
for  the  p-type  case.  Furthermore,  particularly  for  the  high  concentration  deep  level  case,  the  width 
of  the  transition  regions  is  thinner.  The  narrower  width  of  the  transition  region  comes  about 
because  the  carrier  concentration  falls  of  more  rapidly  in  the  transition  region.  These  differences 
are  reflected  in  the  calculated  peak-to-valley  current  ratios.  Fig.  4  shows  current  voltage 
characteristics  calculated  for  the  two  different  semi-insulating  cases  described  above,  and  compares 
these  curves  to  one  calculated  for  the  p-type  case  by  integrating  current  distributions  like  those 
shown  in  Fig.  2.  In  all  three  cases,  the  curves  were  normalized  so  that  the  maximum  current  is  set 
equal  to  1.  The  degradation  in  peak-to-valley  current  ratio  depends  significantly  on  the  method 
used  to  limit  the  current  to  the  center  of  the  diode.  We  obtain  a  peak-to-valley  current  ratio  of  6.7 
to  1  assuming  a  high  concentration  of  deep  donors  compared  to  4.4  to  1  for  a  concentration  two 
orders  of  magnitude  lower.  In  both  of  these  semi-insulating  cases,  we  obtain  a  more  favorable 
peak-to-valley  current  ratio  than  we  did  for  the  p-type  case  described  above,  where  the  ratio  was 
degraded  to  2.8  to  1.  In  all  three  cases,  the  peak-to-valley  current  ratio  is  substantially  lower  than 
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would  be  predicted  for  a  diode  with  an  area  large  enough  to  allow  the  neglect  of  transverse 
boundary  conditions. 


Figure  4:  Current  through  the  tunneling  diode  as  a  function  of  applied  bias,  comparing  results  for  different  methods 
of  limiting  current  flow  to  the  central  part  of  the  diode,  as  described  in  the  text..  The  number  in  the  legend  shows 
the  peak-to- valley  current  ratio  for  each  case. 

For  the  high  concentration  deep  level  case,  the  width  of  the  transition  region  is  small  enough 
that  some  caution  must  be  used  in  interpreting  the  results.  One  concern  is  that  for  very  small 
transition  widths,  we  can  no  longer  treat  the  diode  as  a  parallel  collection  of  short,  independent 
tunneling  regions  in  the  lateral  directions.  At  2.0  volts  bias  for  the  high  concentration  semi- 
insulating  case,  the  full  width  at  half  maximum  of  the  current  spike  in  the  transition  region  is 
approximately  120  A,  compared  to  300  A  for  the  p-type  case.  This  effect  may  limit  quantitative 
accuracy  for  the  narrower  case,  but  the  calculation  should  still  show  qualitative  trends.  The  other 
concern  is  more  of  a  practice  limitation  of  the  fabrication  technique.  The  modeling  assumes  an 
abmpt  transition  from  the  undoped  spacer  to  the  semi-insulating  guard  rings  in  the  lateral  direction. 
The  transition  is  more  likely  to  be  somewhat  smeared  out  due  to  lateral  straggle  of  the  ion  used  to 
create  the  damage  leading  to  the  semi-insulating  guard  ring.  This  effect  will  probably  increase  the 
electrical  transition  region  width,  which  would  tend  to  degrade  the  peak-to-valley  current  ratio  from 
the  value  calculated.  The  investigation  of  this  effect  can  be  done  within  the  context  of  our 
modeling  approach. 
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Model  of  Intra  and  Extracavity  Photodetection  for  Planar  Resonant 
Cavity  Light  Emitting  Diodes 
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Abstract.  A  classical  model  of  spontaneous  emission  in  resonant  cavity  light  emitting  diodes  is  developed.  The  model 
is  based  on  a  plane  wave  expansion  of  a  randomly  distributed  ensemble  of  noninteracting  optical  dipole  emitter  pairs  placed 
within  a  planar  microcavity.  The  model  accounts  for  losses  due  to  leaky  guided  modes  and  intracavity  absorption.  Given  an 
arbitrary  device  structure,  the  model  predicts  the  total  power  emitted,  the  radiahon  pattern,  and  the  relahve  magnitude  of 
photocurrent  generated  in  an  intra  or  extracavity  photodetector.  Selected  modeling  results  for  an  example  device  emitting  at 
650  nm  are  included. 


1.  Introduction 

Conventional  resonant  cavity  light-emitting  diodes  (RCLEDs)  consist  of  a  quantum  well  (QW)  gain 
region  within  a  planar  optical  microcavity  that  is  surrounded  by  distributed  Bragg  reflector  (DBR) 
mirrors  [1],  Many  of  the  performance  characteristics  of  RCLEDs  can  be  derived  from  intra  or  extracavity 
photodetection  measurements  of  spontaneous  emission.  Intracavity  measurements  can  be  accomplished 
by  embedding  a  resonant  cavity  pin  photodetector  (PD)  within  one  of  the  DBRs  as  shown  in  Fig.  1.  The 
intracavity  PD  contains  a  QW  absorbing  i-layer  positioned  at  a  standing  wave  antinode  [2],  A  small 
fraction  of  the  QW  emission  from  the  active  region  is  absorbed  by  the  intracavity  PD,  thus  generating  a 
photocurrent.  The  PD’s  responsivity  depends  on  several  factors  including  the  absorbing  i-layer’s 
position  and  the  angle  of  incidence  of  incoming  radiation.  In  this  paper,  a  classical  model  of  intra  and 
extracavity  photodetection  of  spontaneous  emission  in  RCLEDs  is  developed.  Selected  modeling  results 
for  an  example  RCLED  emitting  at  650  nm  are  included. 


2.  Classical  Spontaneous  Emission  Model 

A  schematic  diagram  of  a  planar  RCLED  is  shown  in  Fig.  2.  The  spontaneous  emission  from  the  QW 
active  layer  is  modeled  by  coupling  a  pair  of  crossed  dipoles  to  the  vacuum  field  plane  wave  modes 
modified  by  the  Fabry-Perot  cavity  [3-4].  Since  the  electric  field  for  QW  emitters  predominantly  lies 
within  the  x-y  horizontal  plane,  the  z-axis  dipole  components  are  neglected.  The  irradiance  (I,)  due  to  a 
single  crossed  pair  of  optical  dipoles  (with  equal  strength)  oriented  along  the  x-  and  y-axes  is 
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Fig.  1.  Microcavity  emitters  with  intracavity  detectors. 
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The  term  CE\y  =  T|<,P/(o‘'n^y327i^c^  (Watt);  P„  (Coulomb-m)  is  the  magnitude  of  the  time  varying  dipole 
moment;  =  co/c  is  the  wave  number;  and  Tj^  =  l/ce„  is  the  impedance  of  free  space.  The  term  E\y 
is  the  modified  field  intensity  of  the  dipole  moments  for  dipoles  oriented  along  the  x-  and  y-axes.  The 
exact  angular  orientation  of  the  dipole  pair  within  the  x-y  plane  is  arbitrary  due  to  rotational  symmetry 
about  the  z-axis.  For  emission  directed  toward  the  top  DBRl ,  the  value  of  E\y  within  the  microcavity  is 


T, 

e^^'  -1-  cos 

1  -  2.,i/RiR2  cos 

-l-52-i-'^’'"“''dcos0 

X 

je^^  -F  RjR^e''^ 

where  E\  is  the  vacuum  field  intensity  of  the  dipole  moment  at  the  origin  (r  =  0);  T,  is  the  power 
transmittance  of  DBRl;  R^Rj)  is  the  power  reflectance  of  DBR1(DBR2);  51(62)  is  the  reflectivity  phase 
of  DBR1(DBR2);  d  is  the  thickness  of  the  optical  cavity  (d  =  d,  +  dj);  d^dj)  is  the  position  of  the  QW 
dipole  relative  to  DBR1(DBR2);  n^^  is  the  real  refractive  index  of  the  optical  microcavity;  and  0  is  the 
dipole  emission  angle  referenced  to  the  z-axis. 

The  values  of  T,  R,  and  5  are  determined  by  using  the  2x2  characteristic  matrix  formalism  for 
thin  films  and  including  absorption  [5],  If  the  subscripts  1  and  2  are  interchanged,  then  Eq.  2  gives  the 
field  intensity  directed  toward  DBR2  for  a  given  angle  off  normal  and  a  given  dipole  emission 
wavelength.  The  exponential  terms  in  Eq.  2  account  for  absorption  in  the  cavity,  where  ^,=  -ad„ 
^2=  -ad2,  and  C  =  -«d.  The  term  a  (cm  ')  is  the  cavity  absorption  constant. 
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The  power  radiated  (P„j)  out  of  a  DBR  within  an  area  dA  defined  by  critical  angles  0^^  and 
0^5  <  7t/2  radians,  relative  to  the  z-axis  is 


41=211  Be 

Prad  =  J  jlr  ■r^sin0d0d(t)  =  C 
0  0 


Ik  0C5 


J  d<!)  jEjy  cos^0sin0d0  +  J  dtj)  |EjySin0d0 


(Watt)  (3) 


The  radiation  intensity  U(0)  is 


U(0)  = 
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rad  _ 
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=  I  •  r^  =  C 


E,„  cos  0 


wave 
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(4) 


where  dQ  =  dA/r^  =  sin0  d0  dc]).  The  values  of  P„,j  and  U(0)  in  Eqs  3  and  4  are  for  a  single  wavelength. 
The  QW  emitter  is  modeled  as  an  ensemble  of  noninteracting  dipole  pairs.  The  dipole  pairs  have  a 
wavelength  distribution  with  a  weighted  emission  intensity  given  by  a  normalized  function  f(^).  The  total 
Pj„j  and  U(0)  are  found  by  numerical  integration  over  the  full  range  of  possible  emission  wavelengths. 
The  intracavity  photocurrent  due  to  spontaneous  emission  follows  as  =  (riq/l!Q))APj^ ,  where  r|  is 
quantum  efficiency  and  AP^^j  is  the  amount  of  power  absorbed  in  the  PD’s  i-layer.  This  differential 
power  is  obtained  numerically  when  solving  Eq.  3  for  a  given  RCLED  structure. 


3.  Example  Numerical  Results 

Consider  an  example  RCLED  designed  for  peak  emission  at  650  nm.  The  device  contains  a  20.5  period 
bottom  and  a  10  period  top  Alo  jGao  jAs/Alo  g^GaoogAs  DBR  surrounding  a  1^-thick  (Alo  5Ga(,  5)o,5ln(,  5P 
optical  microcavity,  all  on  a  GaAs  substrate.  One  InGaP  QW  is  centered  (d,  =  dj)  in  the  microcavity. 

The  calculated  U(0)  for  a  single  650  nm  dipole  pair  with  a  =  0  (dark  solid  line)  and  10“  cm‘‘ 
(dotted  line)  is  shown  in  Fig.  3.  For  reference,  the  thin  solid  line  is  the  U(0)  for  emission  without  the 
DBRs.  The  radiation  intensity  is  enhanced  or  inhibited  when  above  or  below  this  reference  line, 
respectively.  The  critical  angle  for  emission  toward  DBRl  occurs  near  17°.  Above  this  angle,  the 
radiation  intensity  forms  a  leaky  guided  mode  propagating  laterally  away  from  the  dipoles.  A  strongly 
guided  mode  occurs  near  0  =  88°  if  a  =  0.  Realistically  the  QW  and  optical  cavity  material  absorb  the 
lateral  radiation  (a  >  0),  reducing  the  intensity  of  the  guided  mode. 

A  polar  plot  of  U(0)  (within  the  RCLED’s  microcavity)  due  to  an  ensemble  of  dipole  pairs  with 
weighted  intensity  is  shown  in  Fig.  4.  The  normalized  weighting  function  is  also  shown.  A  single 
primary  lobe  directed  toward  DBRl  is  centered  on  0  =  0°.  A  more  complicated  pattern  of  lower  peak 
intensity  is  directed  toward  DBR2  due  in  part  to  contributions  from  the  leaky  guided  mode. 
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Fig.  3.  Calculated  U(0)  for  the  650  nm  RCLED  for  single  dipole  pair  emission  at  650  nm. 

An  intracavity  PD  with  a  6  nm-thick  GaAs  absorbing  i-layer  is  placed  within  DBRl  as  in  Fig.  1 
[2].  The  PD  is  0.75^-thick  and  replaces  one  of  the  high  index  Al|,5Gao5As  DBR  layers.  The  total  number 
of  periods  in  DBRl  (DBR  la  +  DBR  lb)  is  constant.  Figure  5  shows  the  calculated  intracavity 
photocurrent  due  to  weighted  640,  645,  and  650  nm  dipole  pairs,  against  the  position  of  the  PD  within 
DBRl.  The  photocurrent  due  to  the  645  nm  dipole  exceeds  that  due  to  the  650  nm  dipole,  even  though 
the  645  nm  dipole  strength  is  about  0.58  times  that  of  the  650  nm  dipole.  This  is  because  P„j  goes 
through  a  maximum  at  an  angle  off  normal  where  the  resonant  wavelength  is  shorter  than  650  nm.  Also, 
the  i-layer  absorption  constant  increases  as  the  wavelength  decreases.  The  magnitude  of  photocurrent 
decreases  as  the  intracavity  PD  is  placed  further  away  from  the  QW  because  the  standing  wave  field 
intensity  decreases  as  it  penetrates  into  a  DBR. 


0 


Fig. 4.  Calculated  total  U(0)  for  an  ensemble  dipole  source.  Fig.  5.  Calculated  for  640,  645,  and  650  dipole  pairs 
Side;  normalized  weighted  dipole  function  f(X).  against  intracavity  photodetector  position. 
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Photoluminescence  study  of  the  self-organized  InAs/GaAs  quantum 
dots  grown  by  gas  source  molecular  beam  epitaxy 
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Abstract.  Self-organized  InAs  quantum  dots  (QDs)  grown  on  both  (100)  exact  and  (100)  misoriented  7°  toward 
(110)  GaAs  substrates  using  gas  source  molecular  beam  epitaxy  (GSMBE)  with  V/III  ratio  ranging  from  1.1  to  20 
have  been  studied  by  photoluminescence  (PL)  measurements  from  8.5  to  300  K.  The  QD  structures  grown  on  the 
misoriented  substrates  show  a  better  uniformity  than  those  grown  on  the  exact  substrates  at  the  same  growth  condi¬ 
tions.  Effects  of  AsHs  flow  rate  on  the  PL  intensity,  peak  energy  and  linewidth  for  QDs  grown  on  both  types  of 
substrates  are  presented.  Basically,  higher  AsHs  flow  rate  gives  higher  PL  intensity  at  8.5  K.  At  room  tempera- 
ture(300K),  on  the  contrary,  lower  AsHs  flow  rate  results  in  higher  PL  intensity.  The  study  of  thermal  quenching 
energy  reveals  that  the  larger  the  dot  size  the  better  the  PL  intensity  at  300K. 


1.  Introduction 

Recently,  strain-induced  In(Ga)As/GaAs  QDs  have  been  intensely  studied  because  these  QDs  show  an 
efficient  carrier  confinement  which  can  be  used  for  the  realization  of  novel  optoelectronic  devices  like 
quantum  dot  lasers.  Such  QD  lasers  with  low  threshold  current  density  and  high  characteristics  tem¬ 
perature  (To)  have  been  demonstrated  [1].  For  practical  applications  in  optoelectronic  devices,  QD 
structures  with  high  density  and  good  uniformity  are  necessary  to  achieve  the  desired  active  volume. 
There  are  several  groups  [2,3,4]  making  great  efforts  on  the  conditions  during  the  growth  to  improve 
the  optical  properties  for  QDs.  The  growth  conditions  include  substrate  temperature,  V/III  ratio, 
InAs  growth  rate  and  substrate  orientation.  Recent  study  on  the  effect  of  substrate  orientation  [3] 
shows  that  the  QDs  grown  on  (71 1)B  substrate  have  better  quantum  efficiency  than  those  on  (51 1)B 
and  (100)  substrates.  It  implies  that  a  slight  misorientation  for  (100)  substrate  may  improve  the  uni¬ 
formity  of  the  QDs.  In  this  study,  the  QD  structures  are  grown  by  using  GSMBE  at  various  V/III  ratio 

Table  1.  Substrate  orientation,  AsHs  flow  rate,  V/III  ratio,  thermal  quenching  energy  and  activation  energy  for 
all  QDs  samples. 


Sample 

Substrate  orientation 

AsHj  flow  rate 

V/III  ratio 

Thermal  quenching 

Activation  energy 

(SCCM) 

energy  (meV) 

(meV) 

C490A 

(100)  exact 

0.08 

1.1 

14 

108 

C491A 

(100)  exact 

0.15 

2 

16 

91 

C492A 

(100)  exact 

0.37 

5 

15 

126 

C493A 

(100)  exact 

0.74 

10 

13 

156 

C494A 

(100)  exact 

1.50 

20 

16 

96 

C490B 

misoriented 

0.08 

1.1 

14 

71 

C491B 

misoriented 

0.15 

2 

15 

48 

C492B 

misoriented 

0.37 

5 

13 

108 

C493B 

misoriented 

0.74 

10 

12 

130 

C494B 

misoriented 

1.50 

20 

13 

103 
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during  the  growth  of  InAs  layer.  Exact  and  misoriented  (100)  GaAs  substrates  are  also  used  to  study 
the  orientation  effect. 


2.  Experiments 

Ten  QD  samples  were  grown  by  using  a  VG  V80H  GSMBE  system  in  this  study.  The  growth  proce¬ 
dure  included  a  200  nm  thick  buffer  layer  grown  at  620‘’C,  an  InAs  layer  deposited  with  a  nominal 
thickness  of  3  monolayers  at  490”C,  a  10  nm  GaAs  layer  grown  at  490°C  to  avoid  the  In  segregation, 
and  a  40nm  GaAs  capping  layer  grown  at  620®C.  The  growth  rate  was  0.09  ML/s  and  the  V/III  ratio 
during  the  growth  of  InAs  layer  was  changed  from  1.1  to  20  for  various  samples.  For  comparison,  ex¬ 
act  (100)  (samples  C490A-C494A)  and  (100)  with  7®  off-cut  to  (110)  (samples  C490B-C494B)  semi- 
insulating  GaAs  substrates  were  used.  In  order  to  have  the  same  growth  conditions,  they  were  mounted 
side  by  side  on  the  same  substrate  holder.  The  ASH3  flow  rates  and  V/III  ratio  of  these  samples  were 
listed  in  Table  1 .  After  growth,  PL  measurements  were  performed  from  8.5  to  300  K  to  probe  the  qual¬ 
ity  of  the  QD  structures. 


3.  Results  and  Discussions 


Fig. 1(a),  (b),  and  (c)  show  the  8.5  K  PL  peak  energy,  intensity  and  full  width  at  half-maximum 
(FWHM)  as  a  function  of  AsHs  flow  rate,  respectively.  From  Fig.  1(a),  we  can  see  that  QDs  grown 
on  the  vicinal  plane  have  higher  peak  energy,  which  indicates  they  are  with  smaller  size.  Takayoshi  et. 
al.  [5]  reported  a  thicker  critical  thickness  for  InAs  grown  on  (1 1 1)  GaAs  substrate.  From  their  finding, 
InAs  grown  on  misoriented  (100)  GaAs  substrates  is  also  expected  to  have  thicker  critical  thickness  as 
well.  The  smaller  QD  size  for  these  misoriented  samples  resulted  from  their  thicker  wetting  layer. 


s 


AsHj  Flow  Rate  (SCCM) 


Fig.l.  Spectra  of  the  8.5  K  PL  peak  energy  (a),  intensity  (b)  and  FWHM  as  a  function  of  AsHa  flow  rate. 
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Fig.  2.  Wavelength-integrated  PL  intensity  as  a  function  of  thermal  energy,  kT,  for  QDs  grown  on  the  exact  (a)  and  misori- 
ented  (b)  substrates. 


The  PL  peak  energy  of  QDs  grown  on  the  vicinal  surface  increases  with  the  increase  of  the  V/III  ratio. 
This  phenomena  is  not  found  for  the  QDs  grown  on  the  exact  substrates.  A  monotonously  red-shift  of 
PL  peak,  which  implies  the  QD  size  increasing,  with  decreasing  V/III  ratio  is  shown  in  Fig.  1(a).  It 
may  be  attributed  to  the  increase  of  the  In  adatom  migration  length  with  decreasing  Asj  pressure  under 
As-stabilized  circumstance.  There  is  an  abnormal  increasing  of  the  PL  peak  energy  when  V/III  ratio 
reduced  to  1 . 1 .  In  this  condition,  the  growth  circumstance  of  InAs  may  change  from  As-stabilized  to 
In-stabilized,  and  the  critical  thickness  of  InAs  is  thus  greatly  enhanced  [6].  The  increase  of  the  wet¬ 
ting  layer  thickness  will  result  in  the  small  dot  size  and  the  high  PL  peak  energy.  As  shown  in  Fig. 
1(b),  PL  intensity  is  enhanced  when  AsHs  flow  rate  increases.  This  trend  is  for  QDs  grown  on  both 
types  of  substrates.  The  increase  of  AsHs  flow  rate  will  limit  the  migration  length  of  In  adatom  and 
enhance  the  dot  density,  which  is  believed  to  be  the  origin  of  the  PL  intensity  enhancement.  As  can 
be  seen  in  Fig.  1(b)  and  (c),  the  QDs  grown  on  the  misoriented  substrates  have  smaller  PL  linewidth 
and  stronger  PL  intensity  than  those  grown  on  the  exact  substrates.  It  indicates  that  the  QDs  grown  on 


Energy  (eV)  Energy  (eV) 

Fig.  3.  The  PL  spectra  at  300  K  of  the  QDs  grown  on  the  exact  (a)  and  vicinal  (b)  (100)  GaAs  substrates. 
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0.98  1.00  1.02  1.04  1.06  1.08  1.10 

Room  temperature  PL  peak  energy  (eV) 

Fig.  4.  Plots  of  the  thermal  quenching  energy  as  a  function  of  the  room  temperature  (300  K)  PL  peak  energy. 

the  misoriented  substrates  have  better  uniformity  and  higher  dot  density.  Wavelength-integrated  PL 
intensity  as  a  function  of  thermal  energy,  kX,  for  QDs  grown  on  the  exact  and  misoriented  substrates 
are  shown  in  Fig.2(a)  and  (b),  respectively.  As  can  be  seen,  QDs  grown  on  the  misoriented  substrates 
have  stronger  PL  intensities  as  temperature  change  from  8.5  to  120  K.  However,  when  temperature  is 
higher  than  120  K,  the  PL  intensities  degrade  faster  than  those  of  grown  on  the  exact  substrates.  This 
phenomenon  is  especially  noticeable  for  C492B,  C493B  and  C494B.  From  these  plots,  the  thermal 
quenching  energy  and  the  activation  energy  from  exciton  level  to  nonradiative  level  are  determined 
and  summarized  in  Table  1.  The  PL  spectra  at  300  K  of  the  QDs  grown  on  the  exact  and  vicinal 
substrates  are  shown  in  Fig.  3(a)  and  (b),  respectively.  It  is  found  the  QDs  grown  at  a  V/III  ratio  of  2 
showing  the  strongest  PL  intensity  for  both  types  of  substrates,  which  is  attributed  to  the  largest  dot 
size  under  this  As-stabilized  circumstance.  The  spectrum  of  C490A  is  not  shown  in  the  figure  because 
its  PL  intensity  is  too  weak  to  be  available.  Fig.  4  plots  the  thermal  quenching  energy  as  a  function  of 
the  room  temperature  PL  peak  energy.  It  is  found  that  the  thermal  quenching  energy  is  increasing  with 
the  decreasing  300  K  PL  peak  energy,  which  indicates  that  the  larger  the  dot  size  the  better  the  optical 
property  at  300  K. 

4.  Conclusions 

Self-organized  InAs  QDs  grown  on  both  (100)  exact  and  misoriented  1°  toward  (110)  GaAs  substrates 
by  using  GSMBE  with  different  V/III  ratio  are  characterized  by  PL  measurements.  The  QDs  grown  on 
the  misoriented  substrates  show  narrower  PL  linewidths  and  stronger  intensities  at  the  same  growth 
conditions,  which  implies  that  they  are  with  good  uniformity.  Low  temperature  PL  intensities  increase 
with  AsH3  flow  rates  for  QDs  grown  on  both  two  types  of  substrates  at  As-stabilized  circumstance, 
which  is  attributed  to  the  dot  density  increasing  with  the  As2  pressure.  The  samples  grown  at  a  V/III 
ratio  of  2  show  the  best  PL  characteristics  at  300  K.  The  study  of  thermal  quenching  energy  reveals 
that  the  larger  the  dot  size  the  better  the  PL  intensity  at  300  K. 
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Resonant  Interband  Tunneling  Through  Multiple 
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Abstract —  The  magnetotunneling  characteristics  of  a  p- 
type  well  InAs/AlSb/GaSb  resonant  interband  tunneling 
structure  are  investigated.  Experimental  results  indicate 
that  tunneling  occurs  through  multiple  subbands,  including 
both  light-hole  and  heavy-hole  like  subbands.  The  data  can 
be  used  to  plot  out  critical  points  on  the  GaSb  subband 
structure. 


I.  Introduction 

Most  Resonant  Tunneling  Diodes  (RTDs)  involve  carrier 
transport  in  either  the  conduction  or  valence  band,  but 
not  both.  Resonant  Interband  Tunneling  (RIT)  devices 
differ  from  conventional  RTDs  in  that  the  confined  states, 
accessible  to  electron  (or  hole)  transport  lie  in  the  valence 
(or  conduction)  band  rather  than  the  conduction  band  [1], 
[2].  A  single  well  resonant  interband  tunneling  structure 
was  first  demonstrated  by  Soderstrom  et  al.  [2). 

Because  of  the  opposite  sense  of  the  dispersions  of  the 
conduction  and  valence  band,  and  the  existence  of  both 
light-  and  heavy-hole  subbands,  the  tunneling  process  is 
expected  to  be  somewhat  more  complicated  in  an  RIT 
structure  than  an  RTD  because  of  the  multiple  subbands 
involved.  The  dominant  tunneling  mechanism  is  coupling 
between  the  electron  and  light-hole  states.  However,  de¬ 
tailed  treatment  by  Ting  et  al.  demonstrated  that  not  only 
can  there  be  significant  contributions  to  the  transmission 
coefficient  from  the  heavy-hole  band  for  fen  7^  0  [3],  but  that 
there  can  be  significant  contribution  to  the  I(V)  charac¬ 
teristics  including  additional  transmission  resonances  [4]. 
Studies  involving  polytype  interband  tunneling  structures 
have  shown  evidence  supporting  this  idea  [5],  [6]. 

Measurments  from  a  GaSb/AlSb/InAs/.41Sb/GaSb  tun¬ 
neling  structure  with  an  applied  magnetic  field  have  shown 
to  result  in  I(V)  characteristics  similar  to  that  of  intra¬ 
band  tunneling  structures  [7].  However,  for  this  case,  there 
is  only  a  single  quantized  band  (i.e.  the  conduction  band). 
For  a  structure  with  a  GaSb  well,  the  valence  band  is  ac- 
cesible  to  interband  tunneling  so  more  than  one  quantized 
band  will  be  involved,  resulting  in  additional  structure  in 
the  I(V)  characteristics.  Evidence  for  this  has  been  re¬ 
ported  for  a  polytype  GaSb/AlSb/GaSb/AlSb/InAs  struc¬ 
ture  [5]  and  for  a  homotype  InAs/AlSb/GaSb/AlSb/InAs 
structure  [8].  However,  in  these  cases,  the  field  was  only 
applied  parallel  to  the  confining  interfaces. 

This  paper  describes  experiments  on  a  homotype 
(InAs/AlSb/GaSb/AlSb/InAs)  structure  which  show  evi¬ 
dence  of  interband  through  multiple  subbands  at  7!  0.  A 
magnetic  field  applied  to  the  tunneling  structure  will  mod¬ 


ify  the  subband  structure  in  the  well,  and  therefore,  the 
transmission  characteristics,  with  different  effects  occur¬ 
ring  depending  on  the  field  orientation.  These  effects  make 
it  possible  to  experimentally  determine  critical  points  in 
the  subband  structure.  The  experimental  data  is  superim¬ 
posed  on  the  approximate  subband  structure  of  the  GaSb 
well  showing  good  agreement  with  calculated  results. 


II.  Theory 

Resonant  tunneling  can  be  modeled  using  a  simple  den¬ 
sity  of  states  argument  first  proposed  by  Luryi  [9]  and  ex¬ 
panded  on  by  Ohno  [10].  A  general  expression  for  tunneling 
current  density  can  be  written  as 


J{E)  =  q  I  N{k)  v(k)  T(E,  k)  dk  (1) 


where  N{k)  is  the  density  of  carriers  available  for  tunneling, 
u(k)  is  the  carrier  velocity,  and  T(E,k)  is  the  transmission 
coefficient  through  a  plane  in  space  perpendicular  to  the 
current  direction.  In  (1),  the  term  T{E,k)  contains,  in 
effect,  ail  the  information  about  the  quantum  well. 

For  a  2DEG  with  no  applied  field,  momentum  states  are 
uniformly  distributed  over  fej  and  fey,  as  shown  in  Fig¬ 
ure  la,  leading  to  a  constant  density  of  states  and  therefore, 
no  specific  dependence  of  T  on  k. 

With  the  application  of  a  magnetic  field  perpendicular  to 
the  2DEG,  the  allowed  momentum  states  are  constrained 
to  concentric  circles  of  constant  radius  as  shown  in  Fig¬ 
ure  lb,  which  results  in  a  series  of  discrete  Landau  levels. 
The  corresponding  Energy  vs  fen  curve  is  no  longer  con¬ 
tinuous.  Ideally,  the  2DEG  will  now  only  take  on  discrete 
values  of  fe,,;  however,  in  a  real  system  there  will  be  both 
broadening  associated  with  each  level,  and  localized  states 
so  the  density  of  states  will  be  as  shown  in  Figure  Ic. 

The  magnetic  field  effects  can  be  taken  into  account 
mathematically  in  (1)  by  adding  a  fen  dependent  term  to 
the  transmission  coefficient.  For  simplicity,  this  was  chosen 
to  be 

T{k,)=n  +  T,[k,)  (2) 


r,„  (fej„-r,)‘/^<fe,i<(fe^n  +  r,)i/^ 

0  otherwise 


(3) 


where  T(,  is  the  background  transmission  coefficient  related 
to  either  localized  states  or  Landau  level  broadening,  Tio 
is  the  transmission  coefficient  for  a  Landau  level  and  F^  is 
the  energy  broadening  associated  with  each  Landau  level. 
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Fig.  1.  Effects  of  a  magnetic  field  applied  perpendicular  to  a  2pEG 
system,  (a)  Allowed  momentum  states  for  a  two  dimensional 
electron  gas  with  no  applied  magnetic  field.  The  states  are  evenly 
spaced  in  both  kx  and  ky.  (b)  With  a  magnetic  field  applied 
perpendicular  to  a  2DEG  electron  gas.  Allowed  states  lie  on 
concentric  circles  of  constant  radius  k^  =  (2qB/h)in  +  1/2).  An 
equal  number  of  states  lie  on  each  circle,  (c)  Density  of  states 
for  no  applied  field  (gray  line)  and  applied  field  (dark  line).  The 
effects  of  broadening  are  shown,  (d)  The  gray  curve  corresponds 
to  Energy  vs  k\\  for  a  2DEG  with  no  applied  field.  The  dark 
segments  correspond  to  energies  where  the  density  of  states  is 
greater  than  that  of  the  no  field  case. 


In  Figure  Id,  the  gray  curve  is  what  is  expected  for  the 
no-field  case.  The  thick  segments  represent  the  spread  of 
the  energies  where  the  density  of  states  is  greater  than  that 
for  the  no  field  case  in  Figure  Ic.  Because  of  this,  fluctua¬ 
tions  in  the  I(V)  characteristics  will  occur  as  a  function  of 
applied  magnetic  field  as  the  number  of  electrons  able  to 
conserve  both  energy  and  A:||  changes  [11]. 

A  2DEG  is  only  collapsed  into  Landau  levels  when  the 
magnetic  field  is  applied  perpendicular  to  the  confining  in¬ 
terfaces.  When  the  field  is  applied  parallel  to  the  interfaces, 
no  such  effect  occurs.  The  only  first  order  perturbation  to 
the  emitter  electron  population  is  an  extra  component  of 
given  by 


A  A;,,  - 


qBAl 

h 


(4) 


while  the  electron  energy  distribution  remains  the 
same  [12].  The  result  of  this  is  a  change  in  the  thresh¬ 
old  voltage  for  the  turn-on  of  tunneling  current  for  some 
particular  band.  Because  of  the  opposite  polarity  of  the 
emitter  and  well,  the  initial  current  flow  involves  carriers 
located  away  from  =  0.  By  varying  the  strength  of  the 
field,  Eth  will  map  out  that  portion  of  the  dispersion  curve. 


Fig.  2.  Fan  diagram  from  second  derivative  of  the  I(V)  character¬ 
istics  with  B  II  /.  The  two  sets  of  dashed  lines  are  fit  to  the 
structure.  The  fan  converging  to  -36  mV  corresponds  to  struc¬ 
ture  from  HHl,  while  the  fan  converging  to  -141  mV  corresponds 
to  structure  from  LHl.  The  slopes  are  given  by  nm  where  n  is 
an  integer  and  m  =  0.01  for  HHl,  and  m  =  0.065  for  LHl 


III.  Experimental  Results 

Measurements  were  done  on  a  single  p-type  well 
InAs/AlSb/GaSb/AlSb/InAs  interband  tunneling  struc¬ 
ture  with  asymmetric  barriers.  The  GaSb  well  thickness 
was  6.5nm  while  the  AlSb  barriers  were  2.5nm  and  1.5 nm 
thick.  The  device  was  a  mesa  structure  with  a  diameter  of 
15/jm.  Electrical  measurements  were  carried  out  at  1.4  K. 
Maximum  resolution  for  the  field  steps  with  the  measure¬ 
ment  setup  used  was  500  Gauss.  I(V)  sweeps  were  obtained 
from  a  4-point  measurement.  All  measurments  descibed 
here  are  from  reverse  bias  measurments  defined  as  elec¬ 
trons  initially  tunneling  through  the  2.5  nm  barrier  which 
correspond  to  negative  values  of  current. 

Structure  in  the  I(V)  characteristics  resulting  from  the 
magnetic  field  will  appear  as  peaks,  or  shoulders  in  the 
data.  Fan  diagrams  from  peaks  in  the  second  derivative 
of  the  data  are  plotted  versus  the  applied  magnetic  field. 
There  is  no  physical  significance  to  the  second  derivative 
in  the  sense  that  the  first  derivative  represents  the  conduc¬ 
tance,  but  this  method  allows  for  more  accurate  determi¬ 
nation  of  shoulder  positions. 

A  fan  diagram  generated  from  the  I(V)  data  with  B\\I 
is  shown  in  Figure  2.  Each  point  in  the  diagram  is  a  posi¬ 
tive  peak  in  the  second  derivative  of  each  I(V)  trace,  which 
for  negative  values  of  current  correspond  to  either  a  peak 
or  a  shoulder  in  the  current  magnitude.  For  biases  larger 
than  -70  mV,  the  device  is  in  oscillation  and  no  useful  in¬ 
formation  occurs. 

The  fan  diagram  has  B-field  dependent  structure  that 
is  immediately  apparent.  To  first  order,  it  is  expected  to 
move  to  lower  bias  with  increasing  magnetic  field,  converg- 
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Fig.  3.  Fan  diagram  from  the  second  derivative  of  the  I{V)  character¬ 
istics  with  BJ.I.  Both  positive  and  negative  peaks  In  the  second 
derivative  are  shown. 

ing  to  a  single  point  at  zero  field,  with  spacing  between 
points  to  increase  linearly  with  increasing  field  [7].  Using 
these  assumptions,  two  distinct  fans  (before  the  oscillation 
region)  can  be  drawn.  The  first  converges  to  -141  mV  with 
slopes  given  by  m  x  0.065  V/T  and  the  second  converges  to 
-36  mV  with  slopes  given  by  m  x  0.01  V/T  where  m  is  an 
integer. 

The  fan  diagram  generated  from  I(V)  data  with  B  X  /  is 
shown  in  Figure  3.  Points  from  both  negative  and  positive 
cun*atures  are  shown  with  the  positive  peaks  corresponing 
to  current  magnitude  maxima,  while  the  negative  peaks 
correspond  to  current  magnitude  minima. 

The  fan  diagram  shows  two  notable  features.  The  first 
is  a  current  minima  at  -13  mV  which  monotonically  de¬ 
creases  to  lower  bias  with  increasing  magnetic  field.  This 
initial  minima  indicates  a  current  threshold  occurring  at 
the  initial  current  increase.  The  positive  peak  at  -2  mV  is 
related  to  the  experimental  setup.  The  second  is  related 
to  the  positive  peak  which  occurs  at  -58  mV  at  zero  field. 
This  is  the  main  current  peak  occurring  just  before  the 
main  NDR.  Starting  about  5T,  there  is  a  distinct  change 
in  the  behavior  of  this  peak.  The  single  peak  splits  into 
two,  with  one,  which  is  still  the  peak  just  before  the  main 
NDR,  sharply  increasing  in  bias  with  increasing  field  while 
a  second  shifts  to  lower  bias,  reaching  -20  mV  at  9T.  This 
behavior  is  similar  to  that  seen  by  Marquardt  et  al.  [8]. 

IV.  Discussion 

The  well  subband  structure  was  estimated  by  using  ex¬ 
trapolated  data  from  structures  with  similar  well  thickness, 
published  by  Marquardt  et.  al.  [8].  The  estimated  subband 
structure,  shown  in  Figure  4  for  a  6.5  nm  well  is  obtained 
by  linearly  extrapolating  the  calculated  structure  from  a  7 
nm  and  an  8  nm  well.  The  obtained  curves  are  the  solid 


k[j  (%7t/a) 


Fig.  4.  Estimated  parallel  subband  structure  with  experimentally 
determined  critical  points.  The  heavy  dashed  curve  indicates  the 
extent  of  occupied  states  in  the  emitter.  The  light  dashed  curve 
Indicates  the  offset  obtained  by  the  application  of  a  magnetic  field 
parallel  to  the  confining  interfaces  such  that  the  current  threshold 
moves  to  zero  bias.  For  GaSb,  the  lattice  constant  a  =:  0.6096 
nm. 


lines  labeled  HHl,  HH2  and  LHl.  HHl  is  the  lowest  in¬ 
dex  heavy-hole  like  subband,  LHl  is  the  lowest  indexed 
light-hole  like  subband.  The  dashed  curve  centered  at  0  on 
the  i-axis  represents  the  boundary  E  vs  dispersion  for 
electrons  in  the  emitter.  The  zero  energy  point  is  taken 
to  be  the  bottom  of  the  InAs  conduction  band.  Electrons 
occupy  those  states  from  —  0  out  to  the  dashed  line  for 
energies  up  to  the  Fermi  energy.  This  discussion  will  make 
the  initial  assumption  that  the  Fermi  level  lies  below  the 
intersection  of  HHl  and  the  boundary  of  the  occupied  k\\ 
states  in  the  emitter.  This  assumption  will  later  be  shown 
to  be  consistent  with  the  experimental  data. 

As  the  allowed  values  of  fcn  (and  therefore,  the  density  of 
states),  for  the  different  subbands  are  quantized  by  the  ap¬ 
plication  of  B  |[  /,  a  series  of  fluctuations  in  the  I(V)  char¬ 
acteristics  occur  as  the  number  of  electrons  able  to  conserve 
both  energy  and  momentum  changes.  The  fluctuation  po¬ 
sitions  plotted  vs  B-field  results  in  the  demonstrated  fan 
like  structure,  with  the  fan  converging  to  a  single  point  at 
zero-field. 

Given  the  position  of  the  Fermi  level,  the  two  fans  in 
Figure  2  arise  from  two  different  mechanisms.  The  zero- 
field  point  at  -36  mV  occurs  when  the  k^^  =  0  point  of  HHl 
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crosses  the  Fermi  energy.  The  zero-field  point  at  -141  inV 
occurs  when  the  =  0  point  for  LHl  passes  the  bottom 
of  the  InAs  conduction  band.  While  theoretically  there 
should  also  be  a  fan  resulting  from  HHl  crossing  the  bot¬ 
tom  of  the  InAs  conduction  band,  it  will  be  much  weaker 
due  to  the  relative  transmission  coefficient  magnitudes  be¬ 
tween  HHl  and  LHl  [4]  and  is  not  resolvable  or  occurs  in 
the  oscillation  region. 

Using  this  simple  picture,  a  number  of  critical  points 
on  the  GaSb  subband  structure  can  be  determined.  The 
points  are  shown,  superimposed  on  the  subband  structure 
in  Figure  4.  The  size  of  the  markers  indicating  these  points 
are  consistent  with  the  experimental  error  of  ±  2  mV. 

The  voltage  of  the  LHl  zero-field  point  can  be  related 
to  the  subband  energy  by  a  conversion  factor  a  with  units 
eV/V.  This  energy  corresponds  to  Point  #1  on  Figure  4. 
The  zero-field  voltage  of  this  point  is  -141  mV,  and  the 
estimated  value  of  the  zone  center  of  LHl  is-53meV,  giving 
Q  =  0.38. 

Application  of  a  magnetic  field  parallel  to  the  confined 
well  {B  ±  I)  results  in  a  shift  in  fc,,  for  the  emitter  electrons 
according  to  (4).  This  shift  is  illustrated  by  the  thin  dotted 
curve  offset  from  0  on  the  x-axis  in  Figure  4.  Given  the  po¬ 
sition  of  the  Fermi  energy,  at  low  biases,  emitter  electrons 
cannot  tunnel  into  the  unoccupied  well  states  because  of 
conservation  of  momentum  [ll]-  This  condition  can  occur 
by  either  shifting  the  emitter  electron  distribution  in  en¬ 
ergy  with  an  applied  bias,  or  shifting  the  distribution  with 
an  applied  magnetic  field. 

Once  this  occurs,  by  either  method,  or  a  combination  of 
both,  there  will  be  a  turn-on  threshold  in  the  I(V)  char¬ 
acteristics  as  the  new  conduction  channel  is  opened.  This 
behavior  can  be  seen  in  Figure  3  with  the  negative  curva¬ 
ture  peak  that  starts  at  -13  mV  and  moves  to  zero  bias  at 
3.5  T.  Given  the  emitter  electron  distribution  and  the  cur¬ 
vature  of  HHl,  this  can  be  used  to  estimate  the  Fermi  level 
by  noting  the  value  of  magnetic  field  where  the  threshold 
goes  to  zero  bias. 

The  quantity  Al  in  (4)  is  the  average  distance  traveled 
by  an  electron  while  it  is  tunneling  from  the  emitter  to  the 
well.  The  final  position  is  assumed  to  be  the  center  of  the 
well,  and  the  initial  position  is  taken  to  be  the  position 
of  the  maximum  of  the  electron  accumulation  layer  in  the 
emitter  [12].  Using  a  self-consistant  Possion  solver,  this  is 
estimated  to  be  5nm,  giving  Al  =  5  +  2.5  +  3.3  =  10.8  nm. 
This  gives  the  shift  of  Afei,  =0.46%(7r/a)  indicated  in 
Figure  4  and  allows  the  placement  of  the  Fermi  level  at 
Ef  =  0.112  eV,  indicated  by  Point  #2. 

Given  the  determined  Fermi  energy  the  zero-field  thresh¬ 
old  should  occur  at  an  energy  shift  of  0.005  eV,  indicated  by 
Point  #3.  Using  a  =  0.38  the  zero-field  threshold  should 
occur  at  -13  mV,  which  is  where  it  occurs  in  Figure  3.  The 
zero-field  point  of  the  HHl  fan  (Figure  2  corresponds  to 
the  top  of  HHl  crossing  the  Fermi  level.  This  occurs  at 
-36  mV.  Again,  using  a  =  0.38,  this  gives  the  top  of  HHl 
to  be  at  0.126eV,  indicated  by  Point  #4. 


V.  Conclusions 

A  single  GaSb  well  interband  tunneling  structure  has 
been  studied  using  magnetotransport  to  probe  the  subband 
structure  of  the  well.  Critical  points  in  the  results  were  ex¬ 
tracted  then  compared  to  the  approximate  calculated  elec¬ 
tronic  subband  dispersion.  By  selecting  the  appropriate 
alpha  (meV/mV)  good  agreement  with  the  calculated  re¬ 
sults  is  achieved.  This  is  a  good  validation  of  the  fact  that 
multiple  subbands  at  A:||  7^  0  are  involved  in  the  tunneling 
process. 
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Abstract  In  this  paper  we  present  gating  effects  in  double  well  resonant  tunneling  het¬ 
erostructures  with  sub-micron  minimum  feature  widths.  Resonant  tunneling  through  one¬ 
dimensional  states  in  the  wells  is  observed  as  the  device  approaches  pinch-off  at  temperatures 
as  high  as  77K.  This  is  the  first  clear  demonstration  of  resonant  tunneling  through  such  lat¬ 
erally  confined  one-dimensional  sub-bands  at  77K. 

1.  Introduction 

Vertical  gated  heterostructures  are  interesting  in  their  applications  in  multi  valued,  low-power, 
high-speed,  logic  systems.  While  a  lot  of  work  has  been  done  on  zero-dimensional  (OD)  con¬ 
finement  in  single  well  resonant  tunneling  diodes  (RTDs)  very  little  work  has  been  done  on;  i) 
low-dimensional  double  well  RTDs  and  ii)  demonstration  of  confinement  effects  at  temperatures 
closer  to  room  temperature.  RT  devices  have  been  shown  to  oscillate  at  frequencies  of  a  few 
hundred  Gigahertz  [1].  The  inherent  high  speeds  of  these  devices  make  them  promising  for  high 
speed  circuit  applications.  Other  applications  of  such  three  terminal  resonant  tunneling  transis¬ 
tors  (RTTs)  include  oscillators  and  high  frequency  switching  circuits.  Almost  no  published  work 
on  vertical  gated  one-dimensional  (ID)  RTTs  is  available  and  most  demonstrations,  at  T  <4.2  K, 
of  resonant  tunneling  through  one-dimensional  states  has  been  on  fixed  width  single  well  RTDs 
[2].  In  the  case  of  RTTs,  we  have  earlier  demonstrated  that  the  sidewall  gating  technique  is  ide¬ 
ally  suited  to  observe  confinement  effects  in  multiple  well  RTDs,  thus  alleviating  the  problems 
associated  with  a  previously  used  lateral  gating  scheme  [5]. 

In  this  paper  we  shall  demonstrate  that,  using  the  self-aligned  sidewall  gating  technique, 
one  is  able  to  observe  resonant  tunneling  through  laterally  confined  states  even  for  relatively  high 
biases.  The  device  presented  herein  is  0.5  /rm  wide  which  is  one  of  the  many  devices  fabricated  in 
a  single  run  with  varying  minimum  widths  (0.5  to  0.9  /rm)  and  lengths  (10  to  40  /rm)  In  the  wider 
ID-RTT  devices  reported  earlier  (width  0.7  -  0.9  /rm),  we  have  observed;  i)  room  temperature 
pinchoff  and  ii)  transformation  of  the  tunneling  characteristics  from  a  2D-RTD  to  a  ID-RTD  at 
77K  with  increasing  negative  gate  bias  [4,5]. 
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Fig.  1  The  double  well  RTD  structure  grown  in  a  Varian  GEN  II  MBE.  Shown  also  are  the 
energy  levels  in  the  two  wells  (1,  2,  3  and  1’,  2’,  3’,  4’,  and  5’)  at  Vds  =  0  calculated  using  a 
self-consistent  Poisson  and  Schroedinger  equation  solver  (SEQUAL  simulator). 


2.  Device  Structure 

The  heterostructure  grown  on  a  semi-insulating  substrate  in  a  GEN  II  MBE  system  is  shown  in 
Fig  1.  The  asymmetric  double  wells  are  ISOA  and  lOOA  wide  with  a  60A  Al0.3Ga0.rAs  barrier  in 
between.  The  two  i-GaAs  wells  are  separated  from  the  top  and  bottom  contact  n-GaAs  regions 
using  a  35 A  Alo.3Gao.7As  barrier  and  a  lOOA  undoped  GaAs  spacer  layer.  The  access  channels  to 
the  spacer  layer  from  the  n-|-  GaAs  regions  are  graded  to  prevent  breakdown  of  the  gate  Schottky 
barrier.  The  top-contact  structure  is  a  non-alloyed  contact  structure  and  uses  the  low-temperature 
grown  GaAs  (LTG:GaAs)  capping  technique.  Fabrication  details  of  such  devices  have  already  been 
published  [5]. 

3.  Device  Characteristics 

In  this  paper  we  shall  demonstrate  1-D  confinement  effects  in  a  device  with  physical  mesa  width 
of  0.5  pm  and  length  of  10  pm.  In  addition,  for  this  device,  we  shall  concentrate  on  the  tunneling 
from  level  1  in  the  lOOA  well  to  level  3’  in  the  I8OA  well.  For  the  0.5  pm  wide  devices  the  lower 
bias  resonance  peaks  (i.e.  tunneling  between  levels  I’-l  and  1-2’)  are  nominally  pinched  off  and  the 
conduction  at  300K  for  these  low  biases  is  dominated  by  off-resonance  tunneling  and  conduction 
through  the  depletion  region  under  the  gate.  Figures  2a  and  2b  show  the  measured  DC  charac¬ 
teristics  at  various  gate  biases  for  this  RT  peak  at  77K  of  the  0.5  x  10  pm  device.  The  I-V  curves 
show  clear  indication  of  multiple  sub-peaks  with  separation  between  the  sub-peaks  increasing  with 
increasing  negative  gate  bias.  The  separation  between  the  first  and  second  sub-peak  (AV)  is  AV 
=  74mV  @  Vas  =  OV  and  increases  to  AV  =  216  mV  @  Vas  =  -0.5V.  For  Vqs  <  —0.5V  further 
fine  structure  in  each  of  the  sub-peaks  is  observed.  The  separation  between  the  fine  structure 
within  these  sub-peaks  is  5V  «  36  mV  and  is  illustrated  in  Fig.  2b. 
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Fig.  2  Measured  DC  characteristics  at  77K  (a)  for  OV  <  Vas  <  —0.5V  and  (b)  for 
-0.6V  <  Vas  <  -I.IV  for  a  0.5  x  10  /rm  device.  The  arrows  in  (a)  indicate  the  position  of  the 
first  and  second  sub-peaks.  The  arrows  in  (b)  indicate  fine  strncture  in  the  sub-peaks  due  to 

emitter  confinement. 


4.  Discussion 

As  is  well  known,  a  RT  peak  in  conductance  (current)  occurs  when  a  resonant  energy  level  in 
each  well  lines  up  with  the  conduction  band  edge  in  the  emitter.  For  example  in  the  present 
double  well  large  area  RTDs  the  main  resonant  levels  (i.e.  1,  2,  ...  and  1’,  2’  . . .)  shown  in 
Fig.  1  occurs  due  to  the  confinement  of  the  carrier  by  the  Alo.3GaojAs  barriers  in  the  vertical 
direction  (z-axis).  As  the  width  of  this  device  is  reduced  the  main  resonant  levels  is  split  into 
sub-bands  due  to  the  lateral  confinement  (y-axis)  with  the  energy  separation  between  these  sub¬ 
bands  {AEsub)  being  determined  by  the  strength  of  the  confinement.  If  the  gating  (i.e.  AEsuh) 
in  both  quantum  wells  is  identical,  one  would  then  observe  resonant  sub-peaks  due  to  sub-band 
mixing  wherein  a  conductance  (current)  peak  occurs  when  a  set  of  sub-bands  of  a  main  resonant 
level  in  one  well  align  with  the  corresponding  sub-bands  of  the  main  resonant  level  in  the  other 
well  [2].  Additionally,  confinement  in  the  emitter  that  is  usually  weaker  than  in  the  well  could 
manifest  itself  as  fine  structure  within  the  sub-peaks.  It  is  important  to  note  that  the  ability  to 
observe  such  sub-band  mixing  is  determined  by  the  linewidths  of  these  sub-band  levels  and  that 
any  variation  in  the  confinement  either  in;  i)  the  wells  or  ii)  along  the  length  of  the  device  would 
cause  the  broadening  of  sub-band  levels  and  thus  wash  out  the  observation  of  sub-peaks. 

Such  sub-peaks  have  been  observed  at  4.2K  in  fixed  width  single  well  ID-RTDs  with 
maximum  lengths  of  the  order  of  1  /im  [6,7].  It  should  be  noted  that  sub-peaks  could  occur  due 
to  inelastic  processes  like  phonon  assisted  tunneling  wherein  AV  corresponds  to  the  energy  of 
the  phonon  and  is  independent  of  the  confinement.  In  the  case  of  the  fixed  width  ID-RTDs,  to 
distinguish  the  formation  of  sub-peaks  due  lateral  confinement  from  that  due  to  inelastic  tunneling 
processes,  a  varying  magnetic  field  parallel  and  perpendicular  to  the  direction  of  current  was  used. 
Also,  these  sub-peaks  are  washed  out  at  temperatures  exceeding  20K  [6].  In  contrast,  in  the  case 
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of  the  double  well  ID-RTTs  reported  in  this  paper  and  earlier,  sub-peaks  in  the  RT  current  and 
fine  structure  within  the  sub-peaks  corresponding  to  confinement  in  the  emitter  is  clearly  observed 
at  temperatures  of  77K  [4,5].  Since  the  sub-peak  separation  (AV)  is  strongly  dependent  on  the 
gate  bias  and  increases  with  increasing  negative  gate  bias,  it  demonstrates  lateral  confinement  in 
these  ID-RTTs.  The  clear  formation  of  sub-peaks  even  for  relatively  long  devices  (i.e.  exceeding 
10//m)  indicates  very  little  variation  in  width  and  thus  the  confinement  along  the  length  of  the 
device. 

From,  i)  the  energy  difference  («  20  meV)  between  levels  1’  and  1  from  the  SEQUAL 
simulation,  ii)  the  corresponding  extrinsic  potential  across  the  whole  device  at  which  the  RT  cur¬ 
rent  peak  occurs  {Vos  ^  100  mV)  in  large  area  RTDs  and  iii)  assuming  that  the  ratio  of  the 
inter-well  potential  to  the  applied  device  bias  (Vds)  is  the  same  for  all  biases,  we  can  estimate 
the  energy  separation  between  sub-bands  corresponding  to  the  extrinsic  difference  (AV)  in  the 
position  of  the  sub-peaks.  The  separation  between  sub-peaks  AV  =  74  mV  @  Vas  =  OV  corre¬ 
sponds  to  a  lateral  confinement  energy  AEs^b  ~  14.8  meV.  Similarly  at  Vas=  -0.5V,  the  measured 
AV  =  216  mV  corresponds  to  AE^ub  ~  43.2  meV.  Using  a  simple  parabolic  potential  wherein  the 
fermi  level  at  the  mesa  edges  are  pinned  at  midgap  and  the  potential  at  the  center  of  the  mesa  is 
determined  by  the  emitter  potential,  the  expected  separation  between  similar  sub-bands  AE^ub  ~ 
10.1  meV  @  Vas  =  OV.  The  fine  structure  (^V)  within  the  sub-peaks  arising  due  to  confinement 
in  the  emitter  as  shown  in  Fig.  2b  is  of  the  order  of  35  -  38  mV  and  corresponds  to  a  separation 
between  sub-bands  in  the  emitter  of  7  -  7.6  meV.  The  ability  to  observe  such  structure  in  the  I-V 
curves  whose  characteristic  energy  is  close  to  that  of  the  thermal  broadening  {ksT  w  6.6  meV  @ 
T=77K),  indicates  that  it  is  possible  to  exploit  such  confinement  effects  at  room  temperature  in 
future  novel  high  speed  circuits. 

6.  Conclusions 

We  have  demonstrated  the  ability  to  fabricate  vertical  quasi-  one-  dimensional  resonant  tunneling 
devices  that  show  clear  1-D  quantization  at  temperatures  as  high  as  77K.  Fine  structure  corre¬ 
sponding  to  resonant  tunneling  through  sub-bands  mixing  formed  in  the  well  due  to  the  lateral 
confining  potential  of  the  gate  has  been  reported.  In  addition  it  has  been  demonstrated  that  such 
lateral  confinement  effects  can  be  observed  in  relatively  long  devices  and  at  biases  far  from  zero 
drain  biases.  The  strong  gating  and  ability  to  pinch-off  the  RT  current  peak  in  these  device  s 
makes  them  promising  in  such  applications  as  lower  power,  high  speed  logic  circuits. 
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Abstract.  We  report  an  improved  tunneling-based  SRAM  (TSRAM)  cell  design  using  symmetric  low 
current  density  InGaAs/InAlAs/AIAs/InAs  resonant-tunneling  diodes  (RTDs).  The  new  design  eliminates  an 
interconnect  compared  to  the  previous  record  low  50  nW  TSRAM  cell  demonstrated  with  asymmetric  low 
current  density  RTDs  and  heterostructure  field-effect  transistors  (HFETs)  in  our  InP-based  integrated  process. 
The  simplified  cell  has  4x  smaller  area  than  ffl-V  FET-only  SRAM  cells  at  the  same  design  rule.  We  also 
investigate  experimentally  and  theoretically  the  mechanism  for  reduced  peak-to-valley  current  ratios  for  very 
low  current  density  (~  1  A/cm^)  RTDs  which  affects  TSRAM  cell  standby  power. 


1.  Introduction 

High-speed  static  random  access  memory  (SRAM)  is  required  for  fast  processors.  Although  IM 
transistor  circuits  can  now  be  fabricated  in  m-V  technology  [1],  one  of  the  shortcomings  remains  the 
absence  of  reasonable  density  low-power  on-chip  memory.  Access  times  as  low  as  0.5  ns  have  been 
realized  for  a  4  kbit  HFET  SRAM  [2],  but  64  kbit  has  been  the  integration  limit  with  5  W  total  power 
dissipation  (1.2  ns  access  [3]).  Using  familiar  circuit  design,  the  n-channel  GaAs  6-transistor  (6T)  cell 
cannot  compete  with  the  complementary  Si  6T  cell,  which  consumes  less  than  1  pW  [4].  On  the  other 
hand,  HFETs  have  intrinsic  advantages  for  very  high  speed  low  power  addressing  because  of  the  high 
cutoff  frequency /j-  at  low  drain  current  and  good  short  channel  behavior  [5].  A  low  power  compound 
semiconductor  memory  could  enable  on-chip  data  processing  for  ultrahigh  speed  chips. 

We  have  recently  demonstrated  a  IIl-V  ultralow  standby  power  (50  nW/bit,  compared  to  about  20 
pW/bit  in  [3])  tunneling-based  SRAM  (TSRAM)  gain  cell  using  two  transistors  and  two  resonant¬ 
tunneling  diodes  (RTDs)  [6].  The  RTDs  had  asymmetric  I-V  characteristics  (NDR  in  one  bias  direction 
only).  For  one-bit/cell  storage,  a  static  one-transistor  (1-T)  TSRAM  cell  design  similar  to  a  DRAM  cell 
yields  the  highest  bit  density.  In  this  paper,  we  outline  the  layout  and  fabrication  of  an  ultra-compact 
single  transistor  low  power  TSRAM  cell  and  also  analyze  the  current-voltage  (I-V)  characteristics  of  low 
current  density  RTDs. 

This  cell  concept  also  applies  to  silicon  if  a  low  current  density  Si-based  NDR  device  is  available.  It 
would  eliminate  the  power  waste  associated  with  the  refresh  operation  [6] — a  serious  problem  for  the 
gigabit  era  [7].  Alternatively,  TSRAM  could  allow  relaxation  of  transistor  leakage  requirements  and  an 
increase  in  transistor  current  drive,  i.e.  higher  read/write  speed. 
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2.  One-Transistor  TSRAM  Cell 


To  achieve  the  most  compact  one-transistor  cell  symmetric  I-V  RTDs  are  used.  Asymmetric  RTDs 
require  a  metal  interconnect  to  tie  one  RTD  emitter  to  the  other  RTD  collector.  The  symmetric  RTDs  we 
have  developed  allow  current  to  flow  top-down  in  one  RTD  to  the  storage  node  and  then  bottom-up 
through  the  other  RTD,  see  Figure  1.  Both  RTDs  sit  on  an  HFET  source  region,  which  is  the  storage 
node,  to  form  a  1-T  TSRAM  cell  with  a  shared  bit  line  contact.  Figure  2  shows  a  layout  with  only  I'h 
via  contacts  versus  'i'h  for  a  cell  using  asymmetric  RTDs  and  achieving  4x  smaller  size  than  6-transistor 
cells  at  the  same  design  mle.  The  cell  is  read  like  a  DRAM  cell,  the  capacitance  of  the  RTDs  driving  the 
bit  line.  Therefore,  peak-minus-valley  RTD  currents  need  only  be  larger  than  HFET  leakage  currents. 

Figure  3  shows  a  photo  of  a  fabricated  4  bit  x  4  word  TSRAM  die.  Tests  and  SPICE  simulation  on 
such  arrays  show  that  the  cell  charge  can  be  sensed  dynamically  with  subnanosecond  access  times.  This 
results  from  high  storage  node  capacitance  of  8  fF  per  pm^  RTD  area  and  a  reduced  bit  line  length 
because  of  the  compact  cell  size. 


BIT  LINE 

(a)  (b) 

Figure  1 .  One-transistor  TSRAM  cell  with  symmetric  RTDs  storing  a  bit  on  the  source  of  an  HFET: 
circuit  (a)  and  schematic  cross-section  with  self-aligned  word  line  (b). 
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3.  Low  Current  Density  RTDs 

Figure  4  shows  experimental  I-V  characteristics  of  several  low  current  density  RTDs  for  peak  current 
densities  ranging  from  10  to  about  0.1  A/cm^.  The  low  current  density  RTDs  are  modeled  with  our  in- 
house  developed  nanoelelectronic  simulator,  NEMO  [8],  An  asymmetric  RTD  energy  band  diagram  is 
shown  in  Figure  5,  with  a  prebarrier  for  current  reduction.  A  10  band  sp^s*  tightbinding  model  [8,9] 
including  strained  bandstructure  parameters  [10],  full  numerical  integration  of  the  current  density  over 
transverse  momentum,  full  Hartree  charge  self-consistency  [9,11],  and  strong  electron-electron 
relaxation  in  the  emitter  region  yield  agreement  with  experiment.  The  coherent  simulation  uses  incident 
electron  energies  up  to  0.35  eV  (~  14  kT)  to  capture  current  flow  through  wide  resonances  up  to  0.25  eV 
above  the  emitter  Fermi  level.  Reduced  prebarrier  attenuation  for  the  high  energy  wavefunctions 
contributing  to  the  valley  current  causes  a  PVCR  decrease  for  thicker  prebarriers.  This  trend  [12]  together 
with  HFET  leakage  impacts  the  ultimate  reduction  of  TSRAM  cell  standby  power.  Figure  6  shows 
measured  low  temperature  I-V  characteristics  for  the  17  ml  prebarrier  structure  and  simulated  curves 
reproducing  the  thermionic  emission  near  the  top  of  the  prebarrier.  Bandstmcture  dependence  on 
temperature  and  phonon  or  roughness  scattering  in  the  central  device  region  were  neglected. 

An  improved  symmetric  RTD  has  been  designed  and  fabricated  with  measured  I-V  characteristic 
shown  in  Figure  7.  Details  of  the  material  structure  will  be  reported  at  a  later  date,  but  the  stmcture  is 
near-ideal  in  the  forward  direction:  a  very  small  peak  voltage  combined  with  a  wide  (~  1  V)  valley  region. 
A  latch  (Fig.  1)  constmcted  of  such  RTDs  has  stable  points  far  apart  and  close  to  the  supply  voltages. 


28x5(AL2_300Kkal 


0.0  0.2  0.3  0.5  0.6  0.8 

Bias  (V) 


Figure  4.  Room  temperature  experimental  (thick)  Figure  5.  Conduction  band  diagram  and  current  density  of  26  ml 
and  theoretical  (thin)  I-V  curves  for  asymmetric  prebarrier  RTD  biased  in  the  valley  region.  Significant  current  flows 

low  current  density  RTDs  of  a  design  shown  in  through  high  energy  wide  resonances.  The  narrow  resonances  are  due 
Fig.  5.  Numbers  refer  to  prebarrier  thickness  to  multiband  F-X  transitions  and  carry  negligible  current.  The  current 

in  monolayers  (1  ml  =  2.93  A).  density  units  apply  to  a  parabolic  transverse  energy-momentum  band. 
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Bias  (V) 

Figure  6.  Experimental  (thick)  and  theoretical  (thin)  I-V 
characteristics  for  an  asymmetric  17  ml  prebarrier  RTD 
at  4,  100,  200,  and  300  K. 


Bias  (V) 

Figure  7.  Room  temperature  experimental  I-V  curve  for  a 
symmetric  low  current  density  RTD.  Asymmetry  in  growth 
causes  the  asymmetry  in  the  I-V. 


4.  Conclusion 


We  have  proposed  and  fabricated  static  memory  cells  using  an  ultracompact  (150  (im^)  one-transistor 
tunneling-based  SRAM  cell.  The  cell  uses  two  symmetric  /-Flow  current  density  (~  1  A/cm^)  RTDs  and 
is  capable  of  achieving  nanowatt  standby  power  per  bit,  which  is  orders  of  magnitude  better  than 
conventional  6-transistor  cells.  The  valley  current  of  the  low  current  density  RTDs  was  found  to  be 
caused  in  large  part  by  thermionic  electrons  excited  up  to  0.25  eV  (~  10  /cT)  above  the  emitter  Fermi 
level,  which  may  cause  the  decreasing  peak-to-valley  current  ratios  toward  lower  current  densities. 
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Abstract 

Heterostructure  Interband  Tunneling  Diodes  (HTTDs)  show  great  potential  for  power  generation 
at  high  frequencies.  Voltage  Controlled  Oscillators  (VCOs)  that  utilize  the  negative  differential  resistance 
(NDR)  region  of  the  HITFET  have  been  demonstrated  and  exhibit  a  wider  tuning  range  than  conventional 
FET-based  VCOs.  Additionally,  the  center  frequency  can  be  tuned  by  either  drain  or  gate  bias.  MMC 
VCOs  that  incorporate  HITFETs  require  fewer  passive  components  when  compared  to  conventional 
VCO  designs. 

A  Voltage  Controlled  Oscillator  (VCO)  consisting  of  an  InAlAs/InGaAs  interband  tunneling  diode 
connected  onto  the  source  of  a  heterojunction  InGaAs  channel  FET  has  been  demonstrated.  Precise 
control  of  the  center  frequency  (X-band)  and  the  tuning  range  (~20  MHz)  were  achieved  by  varying  the 
drain  and  gate  voltages  (~1  V)  of  the  HTTFET. 

Since  repeatability  of  the  HITD  equivalent  circuit  is  crucial  for  accurate  circuit  desi^  and  circuit 
operation,  a  discussion  of  the  growth  optimization  and  material  parameters  of  the  diodes  is  presented. 
Secondary  Ion  Mass  Spectrometry  (SIMS),  Transmission  Electron  Microscopy  (TEM)  and  electrolytic 
capacitance  voltage  (ECV)  profiling  are  used  to  study  the  effect  of  dopant  compensation  and  dopant 
diffusion  on  the  I-V  characteristics  and  the  peak-to-valley  current  ratios  (PVCRs)  of  the  HITDs.  The 
data  shows  an  exponential  dependence  of  the  PVCR  on  oxygen  background  concentration  in  the  sample. 
It  also  shows  that  the  presence  of  doping  impurities  in  the  well  region  (which  is  determined  using  SIMS 
analysis)  produces  a  dramatic  degradation  of  the  PVCR  and  peak  current  density. 

Introduction 

Heterojunction  interband  tunneling  diodes  proposed  by  Sweeny  and  Xu  [1]  have  demonstrated 
high  peak-to-valley  current  ratios  (PVCRs)  [2].  Such  devices  have  a  potential  to  produce  analog  and 
digital  circuits  with  reduced  complexity  and  size  and  several  memory  and  logic  devices  (SRAMs, 
XNORs,  etc.)  have  been  demonstrated  [3,4,5].  The  challenge  has  been  to  have  achieve  high, 
reproducible  PVCRs  by  judicious  choice  of  heterojunction  material  structures  and  molecular  beam 
epitaxy  growth  conditions  [6].  The  material  system  that  is  considered  in  this  paper  is  InGaAs/InAlAs 
HITDs  which  have  had  the  highest  reported  PVCR  of  144  [2]. 

Toward  achieving  reproducible,  high  PVR  devices,  the  main  material  related  factors  addressed  in 
this  paper  are;  the  presence  of  carrier  compensation  by  oxygen  in  the  structure,  and  Be  dopant  diffusion 
across  the  p-n  heterojunction  into  the  double  quantum  well  (DQW)  region.  The  experimental  results  are 
validated  with  simulations  that  model  the  effect  of  dopant  compensation  and  diffusion  on  the  PVCRs  and 
the  peak  current  densities  (Jp). 


Experimental  Results 

The  NDR  regions  of  the  HITFET  can  be  controlled  by  either  the  voltage  applied  to  the  gate  or 
drain  terminals  of  the  HITFET.  Because  the  center  frequency  depends  on  the  equivalent  circuit  of  the 
diode  in  the  NDR  region,  the  tuning  ranp  of  the  VCO  is  precisely  controlled  by  the  drain  and/or  gate 
voltage  and  the  external  tuning  elements  in  the  circuit.  A  hybrid  VCO  consisting  of  an  HITD  and  HFET 
was  built  and  the  measured  RF  characteristics  are  discussed  in  the  next  section. 
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Measured  RF  characteristics  of  voltage  controlled  HITFET  VCO 


To  demonstrate  the  HITFET  VCO  concept,  a  hybrid  VCO  consisting  of  a  HITD  and  a  GaAs 
HFET  was  designed  (figure  la).  This  circuit  consists  of  a  single  HITFET  (HITD  integrated 
monolithically  onto  the  source  of  the  HFET)  and  an  inductor.  In  Fig.  lb,  the  NDR  region  in  the  DC  I-V 
curves  of  the  HITFET  can  be  seen  clearly.  The  device  functions  as  a  conventional  FET  until  the  voltage 
across  the  diode  reaches  the  threshold  for  negative  resisitance  regime.  In  the  particular  case  shown  here  , 
the  circuit  current  is  limited  by  the  FET  current.  When  the  critic^  voltage  is  reached  the  current  the  HITD 
forces  the  HITFET  current  to  switch  to  the  diode  valley  current. 


Fig.  1.  a)  Circuit  diagram  of  the  VCO  which  contains  an 
HraT  and  a  single  inductor,  b)  I-V  curves  showing  NDR 
of  the  HITFET.  Scales  are  Ij  at  5  mA/div.  (vertical),  Vj  at 
0.2  V/div.  (horizontal),  and  Vg  in  -0.2  V/step 
(Vg  =  0  for  top  curve). _ 


RL  10.  Ode-*  xode/  o.aeosoHi 


The  measured  frequency  spectrum  of  this 
VCO  circuit  is  shown  in  Fig.  2.  The  VCO 
was  biased  through  an  RF  choke  and  the 
performance  was  measured  as  a  function  of 
drain  and  gate  bias.  An  oscillation 
frequency  of  8.2566  GHz  was  achieved 
with  an  output  power  of  2.0  dBm  at  Vds  = 
2.0  and  Vg*  =  -0.77  V 

No  other  major  peaks  were  observed  around 
the  oscillating  frequency  of  the  VCO 
indicating  a  clean  spectral  output.  Fig.  3a 
plots  the  difference  in  frequency  from  the 
oscillation  frequency  (tuning)  and  power 
output  as  a  function  of  drain  bias.  The  NDR 
region  of  this  device  produces  a  tuning  range 
of  about  25  MHz.  Oscillation  was  quenched 
by  biasing  the  device  outside  of  the  NDR 
region  either  by  changing  the  drain  or  gate 
voltage.  Tuning  was  also  achieved  by 
varying  the  gate  bias  as  shown  in  figure  3b. 

Phase  noise  of -129  dB/Hz  was  exhibited  at 
3  MHz  away  from  the  carrier,  with  the  VCO 
operating  in  the  free  running  oscillator  mode. 
Corresponding  phase  noise  at  2  MHz  and  1 
MHz  away  from  the  carrier  were  -124 
dB/Hz,  and  -110  dB/Hz,  respectively.  A 
more  accurate  and  improved  phase  noise  is 
expected  when  measured  with  an  optimized 
setup  consisting  of  phase  locked  loop  circuits 
in  addition  to  integration  and  optimization  of 
circuit  parameters  for  low  noise  operation. 


Fig.  2.  Measured  frequency  spectrum  of  the 
HTTFET-based  VCO.  The  center  frequency  is 
8.2566  GHz,  the  span  is  100  MHz,  and  the 
Eunplitude  is  2.0  dBm. 
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Material  Issues. 

The  HITDs  are  grown  at  465  °C  by  MBE.  Etetailed  growth  conditions,  band  structure  and  cross 
section  of  these  devices  are  published  elsewhere  [7,8]. 

The  PVCR  of  these  ^odes  varies  from  wafer  to  wafer  because  of  variations  in  the  doping  profiles 
and  background  impurity  levels.  The  presence  of  oxygen  in  the  sample  has  a  dramatic  effect  on  the 
PVCR  of  the  HITDs.  Fig.  4a  shows  a  SIMS  analysis  for  two  different  samples  grown  at  different  times. 
One  has  a  PVCR  =  4  and  a  peak  current  Jp  =  8.41  A/cm^,  while  the  other  has  a  PVCR  =  47  and  Jp  = 
713  A/cm2.  The  oxygen  distribution  in  the  two  diodes  is  approximately  uniform  and  differs  by  a  factor 
of  2.5.  This  difference  (of  2.5)  is  enough  to  decrease  the  PVCR  by  an  order  of  magnitude  and  Jp  by 
two  orders  of  magnitude.  Carrier  compensation  both  in  the  wells  and  access  regions  thus  affects  the 
PVCR, 


Figure  4a.  SIMS  analysis  of  two  different 
samples  grown  within  a  few  days  of  each 
other. 


Figure  4b.  Plot  of  PVCR  versus  O 
concentration.  Curve  fitting  gives  us  a 
clear  exponential  dependence. 


Also  observed  in  figure  4a  is  a  slight  diffusion  of  Be  into  the  DQW  region  in  both  samples.  Both 
wells  contain  comparable  levels  of  Be,  yet  a  high  PVCR  (i.e.  47)  is  obtained  for  one  diode.  Therefore,  in 
this  case,  the  oxygen  concentration  has  a  greater  effect  because  the  Be  diffusion  is  minimal.  These 
HITDs  exhibit  “Esaki-Mke”  behavior  and  therefore  the  cladding  layers  should  be  doped  as  high  as 
possible  to  achieve  high  performance.  The  presence  of  oxygen  compensates  the  high  concentration  of 
dopants  and  thus  degrades  the  performance  of  the  device.  Collecting  SIMS  data  from  several  samples 
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with  different  oxygen  content,  we  obtain  the  plot  of  PVCR  versus  oxygen  concentration  shown  in  Fig. 
4b.  We  find  a  clear  exponential  dependence  of  PVCR  on  oxygen  concentration.The  presence  of  oxygen 
is  attributed  to  the  well-known  high  reactivities  of  A1  containing  materials  (InAlAs)  and  Be  [9]  which  is 
the  p-dopant  used  in  these  structures.  Another  source  of  oxygen  was  found  to  be  the  hot  PBN  cracible 
used  for  Be.  While  the  PVCR  changes  dramatically  the  position  of  the  voltage  where  Jp  is  reached  does 
not  vary  much  (0.25-0.45V). 

A  stack  of  two  back-to-back  (npn)  diodes  were  characterized  using  SIMS,  ECV  and  TEM 
analysis  to  show  the  effect  of  impurity  diffusion  on  the  PVCR  and  peak  current  density  (Jp).  Beiyllium 
is  known  to  have  high  diffusivity  in  IH-V  semiconductors  and  in  this  structure  introduces  impurities  into 
the  DQW  region,  as  well  as  “smears"  the  interfaces  between  the  InGaAs  wells  and  InAlAs  barriers. 

The  bottom  diode  (p  on  n)  had  a  high  PVCR  =  30  and  a  Jp  =  7.64  A/cm2,  while  the 
corresponding  values  for  the  top  diode  (n  on  p)  were  PVCR  =  6.8  and  Jp  =  0.56  A/cm^.  The  Be  signal 
showed  diffusion  of  Be  into  the  top  Si  doped  layer  making  that  junction  less  abmpt  and  possibly 
smearing  the  quantum  wells.  TEM  cross  sections  confirmed  this  by  showing  the  bottom  diode  DQW 
interfaces  to  be  very  sharp  and  the  top  diode  DQW  interfaces  “hazy."  The  oxygen  concentration,  on  the 
other  hand,  was  constant  throughout  the  stmcture.  Therefore,  in  this  case  the  Be  diffusion  degraded  the 
PVCR  (by  carrier  compensation  and/or  interface  roughening).  The  presence  of  acceptors  in  the  QW 
region  reduces  the  number  of  carriers  available  for  conduction  and  thus  the  hole  tuimeling  current  and 
thus  Jp.  In  addition  to  the  presence  of  impurities  in  the  wells  -  and  as  mentioned  in  ref.  6  -  interface 
abruptness  greatly  affects  the  PVCR  because  it  results  in  high  valley  currents  due  to  scattering 
mechanisms. 

Self-consistent  Schrodinger-Poisson  simulations  run  on  these  structures,  indicate  that  both 
compensation  of  dopants  and  impurities  in  the  DQW  region  play  an  important  role  on  the  PVR.  These 
simulation  trends  show  that  the  impurities  in  the  well  have  a  larger  effect  on  the  PVCR  degradation  than 
does  oxygen  compensation.  Deep  trapping  effects  in  the  quantum  wells  related  to  oxygen  are  neglected 
in  these  calculations.  Taking  into  consideration  that  both  effects  are  detrimental,  and  that  impurities  in 
the  wells  play  a  more  dramatic  role  than  oxygen  presence, we  conclude  that  figure  4b  probably  shows  the 
combined  effect  of  both  mechanisms. 

Conclusions 

In  conclusion,  we  have  performed  microwave  characterization  of  an  InP  based  X-band  voltage 
controlled  oscillator  (VCO)  that  uses  a  tunneling  device  as  an  active  component.  The  power  output, 
phase  noise  and  tuning  range  of  the  VCO  was  measured  for  various  drain  and  gate  voltages.  An 
improvement  of  the  phase  noise  characteristics  is  expected  when  circuit  is  monolithically  integrated.  The 
use  of  HTTDs  and  HITFETs  allows  for  a  reduction  of  the  number  of  passive  components  required 
compared  to  a  conventional  approach,  and  can  result  in  a  three-fold  reduction  in  circuit  area. 

In  addition,  experimental  data  (SIMS,  TEM  and  ECV)  shows  that  compensation  of  carriers  due  to 
the  presence  of  oxygen  and  dopants  in  the  DQW  of  the  HITDs  produce  a  strong  degradation  of  the 
PVCR  and  Jp.  Simulation  trends  confirm  this  data. 
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Abstract.  We  propose  and  demonstrate  a  low  noise  amplifier  utilizing  the  negative  input  conductance  of 
resonant-tunneling  transistors  (RTTs).  The  fabricated  RTTs,  which  integrate  a  resonant-tunneling  diode 
(RTD)  into  the  source  of  a  heterojunction  FET  (HJFET),  exhibited  a  negative  input  conductance  at  low 
frequencies  (<  10  GHz).  When  the  gate  bias  is  close  to  the  resonance  peak,  not  only  Fmin  but  also  Rn 
increases  at  low  frequencies.  Also,  Fmin  shows  a  sharp  dip  at  the  valley  current.  These  behaviors  are 
explained  by  shot  noise  generation  at  the  RTD.  Theoretical  results  suggest  that  reducing  the  valley  current  as 
well  as  reducing  the  series  resistance  would  realize  RTT  noise  performance  superior  to  HJFETs. 


1.  Introduction 

In  1983,  van  der  Ziel  presented  the  concept  of  low-noise  amplification  utilizing  two-port  devices  with 
a  negative  input  conductance  [1].  In  the  early  1980's,  however,  such  devices  were  not  available.  But, 
recently,  negative  differential  conductance  (NDC)  is  reported  in  various  resonant-tunneling  transistor 
(RTT)  structures[2]-[5].  In  this  paper,  we  propose  to  use  RTTs  to  realize  van  der  Ziel's  amplifier. 


2.  Concept  of  RTT  Amplification 

Figure  1  illustrates  an  equivalent  circuit  for  an  RTT  amplifier.  The  input  circuit  can  be  represented  by  a 
negative  input  conductance  -g^  (gp’O)  with  a  generator  conductance  gg  in  parallel.  As  long  as 
this  circuit  has  an  available  power  gain  Gav=  g/Cgg-g,^.  As  g^  approaches  gu  from  the  upper  side.  Gov 
approaches  infinity,  and  hence,  the  effect  of  the  noise  sources  at  the  output  is  negligible.  The  principle 
of  this  amplifier  is  very  similar  to  tunnel  diode  amplifiers,  but  separation  of  input  and  output  terminals 
will  suppress  instability,  which  is  a  serious  problem  for  tunnel  diode  amplifiers. 

Noise  properties  for  resonant-tunneling  diodes  (RTDs),  and  hence,  for  RTTs  are  characterized  by  the 
diode  maximum  oscillation  frequency  (/max)  and  by  the  diode  noise  figure  (NF).  Frequency 
dependence  of  the  diode  NF  is  essentially  flat,  because  it  is  dominated  by  shot  noise,  which  has  a  white 
spectrum.  The  operation  frequency  is  limited  by  the  diode  fmax,  so  that  NF  increases  as  /  approaches 
fmax.  As  is  well-known,  decreasing  the  resistance  1/gg,  the  RTD  capacitance  (Cg),  or  the  series 
resistance  (Rs)  would  improve  the  diode  fmax.  From  analogy  to  tunnel  diode  amplifiers,  decreasing  the 
current-to-conductance  ratio  Ifgg^  would  improve  the  diode  NF. 

Figure  2  shows  the  DC  bias  dependence  of  a  diode  NF,  which  is  calculated  by  applying  the  small- 
signal  tunnel  diode  circuit  to  simulated  AlAs  (2  nm)/  GaAs  (5  nm)/  AlAs  (2nm)  RTDs.  When  an  RTD 
is  biased  at  the  NDC  condition,  the  diode  fmax  sharply  increases  and  the  diode  NF  decreases.  These 
features  are  more  prominent  for  decreasing  Rs.  When  Rs  is  reduced  to  1x10"’  Qcm^,  a  diode  fmax  of 
over  500  GHz  and  a  diode  NF  of  as  low  as  0.3  dB  at  100  GHz  are  predicted  [6]. 
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GENERATOR  RTT  LOAD 


Fig.  1 .  Equivalent  circuit  for  an  RTT  amplifier  at 
tuning  fi'equency,  where  reactance  elements  are 
canceled  (is:  signal  current,  iR-.  noise  current). 


BIAS  VOLTAGE  (V) 


Fig.  2.  Calculated  diode  NF  vs.  DC  voltage 
(fo=0  -  lxlO■‘Qcm^/=12  GHz,  r=290  K). 


3.  Fabrication  of  RTTs 

We  have  fabricated  RTTs,  which  integrate  an  RTD  into  the  source  of  a  heterojunction  FET  (HJFET) 
(see  the  inset  in  Fig.  3).  RTT  wafers  were  grown  by  MBE  system  on  semi-insulating  (100)  GaAs.  The 
epi-layer  structure  consists  of  an  Al0.22Qa0.78As  (40  nm)/  InO.2GaO.8As  (15  nm)/  GaAs  HJFET 
structure  followed  by  an  n-type  GaAs  contact  layer  and  an  AlAs  (2  nm)/  GaAs  (5  nm)/  AlAs  (2  nm) 
RTD  structure.  First,  the  RTD  mesa  was  defined  and  this  was  followed  by  the  HJFET  fabrication 
process.  Source  and  drain  ohmic  contacts  were  formed  using  AuGe/  Ni/  Au  alloy.  After  gate  recess 
etching,  0.6  u  m-long  gates  were  formed  with  Ti/  A1  metallization. 


4.  DC  and  Small-Signal  Performance  for  RTTs 

The  RTTs  exhibited  NDC  characteristics  at  room  temperature.  The  peak-to-valley  current  ratio  was  1 .4. 
Figure  3  shows  measured  drain  current  (Jd)  -  drain  voltage  (Vds)  characteristics.  When  the  gate  voltage 
(Vgs)  is  high  enough  to  turn  on  the  RTD,  NDC  occurs  in  the  1-V  curves.  As  a  result,  transconductance 
(gm)  shows  a  sharp  negative  peak  (~-750  mS/mm)  with  respect  to  Vgs. 

The  S-parameters  of  100  [j  m-gate-width  devices  (RTD  area  of  50  u  vrf)  were  measured  from  2  to 
26  GHz.  In  Fig.  4,  the  magnitude  of  S,,  at  8  GHz  is  shown  as  a  function  of  Vgs.  When  Vgs  is  close  to 
the  resonance  peak,  a  negative  input  conductance  (|iS„|>l),  which  is  required  for  van  der  Ziel's 
amplifier,  was  observed.  However,  due  to  the  high  Rs,  this  NDC  disappears  at  higher  frequencies  (>10 
GHz),  and  hence,  the  predicted  fmax  upturn  was  not  observed.  At  the  resonance  peak,  22  GHz  fj-  and  96 
GHz  fmax  were  obtained.  An  RTT  equivalent  circuit  has  been  determined  by  fitting  S-parameters,  and  it 
indicates  that  the  comparatively  wide  bias  range  (Vgs=  -0.1  to  0  V)  for  exhibiting  NDC  is  due  to  the 
series  feedback  effect  of  the  RTD  capacitance. 
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Fig.  3.  Measured  I-V  characteristics. 
Inset:  circuit  diagram  for  the  fabricated  RTT. 


Fig.  4.  Measured  |St;|  (8  GHz)  and /d  vs.  Fgi  {Kd!=2V). 
Arrows:  peak  (P)  and  valley  (V)  for  the  I-V  curve. 


5.  Noise  Performance  for  RTTs 

Figure  5  shows  the  minimum  noise  figure  (Fmin)  and  the  input  noise  resistance  (Rn),  measured  at  2 
GHz,  with  respect  to  Vgs.  When  Vgs  is  close  to  the  resonance  peak,  not  only  Fmin  but  also  Rn  increases 
(from  1  dB  to  more  than  2  dB  and  from  200  to  600  Q ,  respectively  at  2  GHz)  at  low  frequencies  (<  10 
GHz).  Also,  Fmin  shows  a  sharp  dip  at  the  valley  current,  as  is  Aeoretically  predicted.  On  the  other 
hand,  variation  of  the  noise  optimum  reflection  coefficient  ( P opt)  is  small. 

Measured  noise  parameters  have  been  fitted  by  the  extracted  equivalent  circuit,  where  the  shot  noise 
current  (f^)  is  added  in  parallel  to  the  RTD.  Frequency  dependence  of  measured  and  modeled  noise 
parameters  is  shown  in  Fig.  6.  Simulated  noise  parameters  with  and  without  shot  noise  compare  well 
with  the  measured  results  on  and  off  the  resonance  peak  current,  respectively.  Hence,  the  increase  in 
Fmin  and  Rn  at  the  resonance  peak  is  attributed  to  the  shot  noise  generated  in  the  RTD.  The  frequency 
dependence  of  Rn  with  shot  noise  is  due  to  a  1/m^  spectrum  of  the  noise  voltage  j7=  'i^/(gR  +  CU^Cr). 
Comparatively  high  Fmin  values  are  due  to  the  high  Rs  and  consequently  weakened  NDC. 


Fig.  5.  Measured  (a)  Fmin  and  (b)  Rn  vs.  Vgs  (f=2  GHz,  Viis=2  V,  7=290  K). 
Arrows:  peak  (P)  and  valley  (V)  for  the  I-V  curve. 
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Fig.  6.  Measured  and  modeled  frequency  dependence  of  (a)  Fmin,(b)  Rn,  (c)|  7’cp(|,  and  (d)  Z  Fopi  (Vds=2  V,  7’=290  K). 
Measurement:  Fgj=-0.06V  (on  peak),  -0.2V  (off  peak).  Model:  with  and  without  shot  noise. 


6.  Summary 

We  have  proposed  a  low  noise  amplifier  utilizing  the  negative  input  conductance  of  RTTs.  In  RTFs,  a 
negative  input  conductance  (|S,,|>1)  was  observed  at  low  frequencies  (<  10  GHz),  but  due  to  the  high 
Rs,  the  NDC  disappears  at  higher  frequencies,  and  therefore,  the  predicted  fmax  upturn  was  not 
observed.  When  Vgs  is  close  to  the  resonance  peak,  not  only  Fmin  but  also  Rn  increases  at  low 
frequencies.  Also,  Fmin  shows  a  sharp  dip  at  the  valley  current.  These  behaviors  were  explained  by 
shot  noise  generation  at  the  RTD.  Since  the  power  density  of  shot  noise  is  proportional  to  DC  current, 
reducing  the  valley  current  as  well  as  reducing  Rs  would  improve  the  noise  performance  of  the  RTTs. 
These  results  suggest  the  possibility  for  realizing  low  noise  RTT  amplifiers. 
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Abstract.  The  photoluminescence  (PL)  of  a  resonant-tunneling  transistor  was  studied.  An  excitation 
energy  close  to  the  bandgap  energy  of  the  GaAs  collector  layer  was  chosen  so  as  to  excite  neither  the  barrier 
layer  nor  the  quantum  well,  resulting  in  simple  luminescence  spectra.  The  PL  signal  shows  a  strong 
correlation  with  resonant-tunneling  current.  The  PL  peak  position  shifts  to  lower  energy  with  increasing 
collector  voltage,  V^e,  indicating  the  existence  of  the  quantum-confined  Stark  effect.  The  Vce  dependencies 
of  PL  intensity  and  line  width  suggests  charge  buildup  in  the  quantum  well.  The  effect  of  gate  voltage  on  PL 
spectra  suggests  a  quantum  confinement  by  the  potential  of  the  gate  depletion  layer. 


1.  Introduction 

New  fimctional  devices  based  on  resonant-tunneling  phenomena  have  recently  attracted  much  attention 
since  they  are  expected  to  reduce  circuit  complexity  through  using  negative-differential-resistance 
characteristics  [1-3].  Maezawa  et  al.  recently  proposed  a  resonant-tunneling  transistor  (RTT)  with  a 
junction  gate  [4]  and  they  demonstrated  its  useMness  in  implementing  functional  logic  circuits  such  as 
cellular  automata  and  neural  networks  [5,  6].  Simulations  have  also  been  performed  to  predict  the 
performance  of  the  resonant-tunneling  logic  gate  [7,  8]. 

Understanding  the  carrier  transport  phenomena  in  such  an  RTT  is  very  important  in  improving  its 
performance  and  in  designing  new  resonant-tunneling  devices.  Photoluminescence  (PL)  study  has  been 
shown  to  be  a  useful  method  in  understanding  the  carrier  behavior  in  resonant-tunneling  diodes  [9, 10]. 
Charge  buildup  in  the  quantum  well  and  sequential  tunneling  have  also  been  pointed  out. 

In  the  present  work,  we  study  the  PL  of  an  RTT  with  a  junction  gate.  A  PL  system  which  consists 
of  a  tunable  Ti: Sapphire  laser,  a  monochromator,  and  an  objective  lens  allowed  us  to  study  carrier 
transport  in  the  RTT.  Correlation  between  luminescence  and  resonant-tunneling  current  was  observed. 
The  effects  of  gate  voltage  were  also  studied. 


2.  Device  Structure 

Figure  1  shows  a  schematic  cross-sectional  view  of  an  RTT  with  a  p7n  junction  gate,  which  controls 
the  emitter-to-channel  area  and  hence  the  diode  current.  The  epitaxial  layer  structure  was  grown  by 
molecular  beam  epitaxy.  It  consists  of  nNln(,jGa(i4As/nNln,jGa,.„As/n*-C}aAs  emitter  contact  layers 
(30/50/20  nm,  2x10'’  cm'^),  an  n'-GaAs  emitter  layer  (200  nm,  5x10'^  cm’’),  an  i-GaAs  spacer  layer 
(1.5  nm),  an  i-AlAs/i-GaAs/i-AlAs  resonant-tunneling  structure  (2/6/2  nm),  an  i-GaAs  spacer  layer  (5 
nm),  an  n'-GaAs  collector  layer  (600  nm,  5x10'*  cm'’),  and  an  n'^-GaAs  collector  contact  layer  (300  nm, 
4x10"  cm'’).  Ni/Zn/Au/Ti/Au  was  deposited  for  the  gate  electrode  and  alloyed  to  form  p"^  region  under 
the  gate.  The  fabricated  RTT  had  a  1x10  pm’  emitter  electrode. 
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Fig.  1  Schematic  device  structure  of  resonant¬ 
tunneling  transistor  with  junction  gate. 


tunneling  structure. 


3.  Measurement  Condition  of  Photoluminescence 

Figure  2  shows  a  schematic  band  diagram  of  the  resonant-tunneling  transistor.  Holes  excited  in  the 
collector  layer  drift  to  the  collector  barrier  and  tunnel  into  the  quantum  well.  Electrons  tunnel  into  the 
quantum  well  from  the  emitter  layer  on  resonance.  Some  of  the  electrons  and  holes  builtup  in  the 
quantum  well  recombine  and  radiate  photons  at  an  energy  of  about  1.61  eV  which  corresponds  to  e,- 
hh,  recombination. 

An  excitation  energy  of  1.53  eV  was  chosen,  using  the  tunable  Ti:Sapphire  laser,  which  is  slightly 
higher  than  the  absorption  edge  of  the  GaAs  collector  layer,  which  is  1.51  eV.  This  was  done  so  that 
electron-hole  pairs  would  not  be  excited  in  the  quantum  well,  excess  heating  of  electrons  by  photo- 
excitation  would  not  occur,  and  sufficient  PL  intensity  to  analyze  PL  spectra  would  be  obtained.  This 
method  of  excitation  gave  us  simple  luminescence  spectra  compared  to  conventional  Ar  laser  (2.41  eV) 
excitation  as  shown  in  Fig.  3.  When  the  device  was  excited  by  Ar  laser,  a  luminescence  tail  of  1.5-1. 6 
eV  energy  overlapped  the  1.61  eV  peak  of  the  quantum  well  as  shown  by  the  dotted  line.  With 
Ti:Sapphire  laser  excitation,  on  the  other  hand,  a  single  luminescence  peak  from  the  quantum  well  can 
be  observed  as  indicated  by  the  solid  line,  which  make  it  easy  to  analyze  the  spectra. 

The  excitation  power  was  4  W/cm\  which  was  sufficiently  low  so  that  electrons  would  not  be 
heated  by  irradiation  [11].  The  excitation  laser  was  irradiated  over  the  whole  device  area.  The  device 
was  mounted  in  a  cryostat  and  cooled  down  to  30  K.  The  laser  was  focused  on  the  device  by  an 
objective  lens.  The  PL  signal  was  also  collected  by  the  objective  lens,  dispersed  through  a  1-m  double 
monochromator,  and  detected  with  a  cooled  GaAs  photomultiplier. 


4.  Analysis  of  PL  spectra 

Figure  4  shows  the  collector  voltage  dependence  of  PL  spectrum  observed  at  about  1.61  eV.  The 
current-voltage  characteristics  of  RTT  at  zero  gate  voltage  are  shown  in  the  inset.  No  PL  signal  can  be 
observed  at  zero  bias  voltage  because  there  are  no  electrons  in  the  quantum  well.  PL  signal  is  obtained 
at  a  collector  voltage  above  0.1  V,  at  which  resonant-tunneling  current  starts  to  flow.  The  peak  position 
shifts  to  a  lower  energy  as  Fee  increases.  The  highest  intensity  was  obtained  at  a  resonant  voltage  of 
0.3V. 
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Fig.  3  PL  spectra  excited  by  Ar  laser  or 
Ti:Sapphire  laser. 
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Fig.  4  Collector  voltage  dependence  of  PL 
spectrum. 


Fig.  5  Collector  voltage  dependencies  of  peak 
energy,  FWHM,  integrated  luminescence 
intensity,  and  collector  current. 


Fig.  6  Gate  voltage  dependencies  of  peak  energy, 
luminescence  intensity,  and  collector  current. 


Figure  5  shows  Vce  dependencies  of  the  peak  energy,  the  FWHM  of  the  peak,  the  integrated 
luminescence  intensity,  and  the  collector  current,  Iq.  The  integrated  intensity  shows  strong  correlation 
with  resonant-tunneling  current.  The  PL  peak  shifts  to  a  lower  energy  with  increasing  Vce,  indicating  the 
existence  of  the  quantum-confined  Stark  effect.  This  means  that  the  PL  signal  originates  fi'om  electron- 
hole  recombination  in  the  quantum  well.  The  possibility  that  luminescence  is  created  by  another 
mechanism  is  not  plausible.  If  the  PL  signal  originates  from  recombination  between  electrons  in  the 
quantum  well  and  holes  xmder  the  collector  barrier,  for  instance,  the  peak  position  should  shift  to  a  higher 
energy.  Electron-hole  recombination  in  the  collector  region  is  also  impossible  due  to  the  same  reason. 
Electric  field  in  the  quantum  well  estimated  from  Stark  shift  is  «50  kV/cm  at  peak  voltage.  The  PL  line 
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width  increases  from  5  meV  at  Fee  =  0.1  V  to  10  meV  at  resonant  voltage,  Vee  =  0.3  V,  as  the  resonant- 
tunneling  eurrent  increases.  This  increase  in  line  -width  suggests  charge  buildup  in  the  quantum  well.  The 
electron  density  rig  in  the  quantum  well  estimated  from  line  width  inerease  is  2.4x10"  cm'^  at  0.3  V. 

Next,  the  effect  of  gate  voltage,  Vgg,  on  PL  spectra  is  analyzed.  The  control  of  luminescence  by  gate 
voltage  is  characteristic  of  transistors.  Vgg  is  fixed  at  a  peak  voltage  of  0.3  V.  Figure  6  shows  the 
dependencies  of  the  peak  energy,  the  luminescence  intensity,  and  the  collector  current,  Ig.  Ig  and  PL 
intensity  increase  with  increasing  Vge-  A®  shown  in  the  inset,  PL  intensity  is  proportional  to  Ig,  indicating 
that  the  area  contributing  to  luminescence  is  modulated  by  gate  voltage,  similar  to  the  modulation  of  the 
cross-section  for  current  flow.  The  PL  peak  position  shifts  to  a  higher  energy  with  increasing  negative 
gate  voltage,  \Vgg\  (Vgg  <  0).  This  can  be  explained  as  the  quantum  confinement  of  electrons  by  the 
potential  of  the  gate  depletion  layer.  Electrons  are  confined  perpendicular  to  current  flow.  Assuming  the 
parabolic  potential  of  the  gate  depletion  layer,  caleulated  ground-state  energy  agrees  semi-quantitatively 
with  the  energy  shift  of  the  PL  spectrum. 


5.  Summary 

The  photoluminescence  of  a  resonant-tunneling  transistor  was  studied.  An  excitation  energy  close  to  the 
bandgap  energy  of  the  GaAs  collector  layer  was  chosen  to  simplify  the  luminescence  spectra.  The 
obtained  photoluminescence  signal  had  a  strong  correlation  with  the  resonant-turmeling  current.  The 
photoluminescence  peak  position  shifted  to  a  lower  energy  with  increasing  collector  voltage,  indicating 
the  existence  of  the  quantum-confined  Stark  effect.  The  collector  voltage  dependencies  of 
photoluminescence  intensity  and  line  width  suggest  charge  buildup  in  the  quantum  well.  The  density  of 
electrons  in  the  quantum  well  was  estimated  to  be  2.4x10"  cm'^  at  peak  voltage.  The  gate  voltage 
dependence  of  the  photoluminescence  spectrum  indicated  the  quantum  confinement  of  electrons  by  the 
potential  of  the  gate  depletion  layer.  The  possibility  of  controlling  luminescence  intensity  by  gate  voltage 
was  also  demonstrated. 
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Abstract.  We  have  analyzed  the  effect  of  disorder  in  both  the  well  and  barriers  of  a  resonant  tunneling  diode 
(RTD).  If  the  disorder  is  limited  solely  to  the  barriers,  a  good  peak-to-valley  ratio  (PVR)  is  expected.  We 
describe  a  general  guideline  relating  the  PVR  to  the  bulk  mobility  and  effective  mass  of  the  well  material  of 
an  RTD.  We  compare  the  effects  of  correlated  versus  uncorrelated  disorder  on  the  valley  current.  We  discuss 
why  interband  tunnel  devices  such  as  the  Esaki  diode  are  more  robust  than  RTDs  in  the  presence  of  disorder. 


1.  Well  versus  Barrier  Disorder 

There  have  been  a  number  of  studies  of  Si  /  SiOj  multilayer  structures  to  look  for  quantization  and 
resonant  effects  [1,2].  While  the  interface  can  be  made  smooth,  the  entire  multi-layer  structure  is 
amorphous.  Core  level  x-ray  spectroscopy  gives  unambiguous  evidence  that  quantization  does  occur, 
and  that  it  follows  the  standard  inverse  square  relationship  to  the  well  width  [1].  However,  there  have 
been  no  strong  demonstrations  of  resonant  tunneling  and  negative  differential  resistance  (NDR)  in  such 
systems.  The  observation  of  state-quantization  with  core-level-spectroscopy  requires  only  conservation 
of  total  energy.  State  quantization  is  a  necessaiy  but  not  sufficient  condition  to  observe  NDR. 
Observation  of  NDR  in  an  RTD  requires  conservation  of  both  total  energy  and  transverse  momentum. 
The  random  potential  resulting  from  the  noncrystalline  nature  of  the  Si/SiOj  material  breaks  the 
translational  periodicity  and,  thus,  the  transverse  momentum  conservation  required  for  high  peak-to- 
valley  ratios  in  RTDs. 

We  simulate  the  effect  of  the  disorder  by  creating  a  mathematical  model  which  mimics  the 
macroscopic  effects  of  amorphous  disorder.  The  model  gives  the  same  momentum  independence  to  the 
scattering  since  the  correlation  length  of  amorphous  disorder  is  approximately  the  lattice  constant,  and  the 
model  gives  the  same  bulk  mobility.  We  begin  with  a  single-band,  tight-binding  Hamiltonian  which 
parameterizes  the  Si-Si  (or  for  III-Vs,  the  cation-anion)  basis  matrix  elements  into  a  single  number,  the 
site  energy.  Then  we  assign  a  random  component,  8V,  to  the  site  energy.  The  random  component  has  a 
Gaussian  distribution  with  a  mean  of  0  and  a  variance  of  o.  The  random  component  is  uncomelated 
between  any  two  sites.  The  only  free  parameter  in  the  model  is  a.  To  relate  a  to  a  physical  quantity,  we 
use  the  fact  that  the  mobility  resulting  from  this  disorder  is 


where  e  is  the  magnitude  of  the  electron  charge,  fi  is  the  volume  of  the  primitive  cell,  is  the 
conductivity  effective  mass  and  nij  is  the  density  of  states  effective  mass.  The  disorder  is  treated  in  the 
self-consistent  Born  approximation  [3]. 

In  Fig.  (1),  we  choose  the  tight-binding  parameters  corresponding  to  an  effective  mass  of  0.3  for 
the  SiO^  [4]  and  0.5  for  the  a-Si  [1].  In  Fig.  (la)  the  disorder  is  restricted  to  the  well  region.  We  find  that 
the  NDR  is  destroyed  when  the  mobility  of  the  a-Si  in  the  well  is  less  than  or  equal  to  250  cmW s.  If  we 
take  the  same  structure  and  restrict  the  same  disorder  to  the  barrier  layers,  there  is  almost  no  effect  on  the 
I-V  and  the  PVR  as  is  shown  in  Fig.  (lb). 

2.  General  Guideline  Relating  the  PVR  to  the  Bulk  Mobility 

When  attempting  to  build  an  RTD  in  a  new  material  system  that  is  disordered  or  even  amorphous,  we 
would  like  to  have  some  experimental  measure  which  will  predict  whether  the  RTD  will  have  a  useful 
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Voltage  (V)  Voltage  (V) 


Figure  1.  I-V  of  an  amorphous  Si03/Si/Si02  RTD  with  dimensions  1.35/2.97/1.35 
(nm)  and  10‘*  cm  *  doped  leads,  (a)  The  disorder  is  restricted  to  the  well  region,  (b) 
The  disorder  is  restricted  to  the  barrier  region. 


peak-to-valley  ratio.  We  consider  the  case  in  which  (a)  both  the  mobility  of  the  bulk  material  and  the 
valley  current  of  the  RTD  are  determined  by  the  static  disorder  scattering  resulting  from  substitutional 
disorder  (alloys),  geometric  disorder  (amorphous  and  poly-crystalline  materials),  impurities  and  dopants, 
and  (b)  the  bulk  material  and  the  thin  layer  have  the  same  microscopic  structure.  Under  such 
circumstances,  both  analytical  [5]  and  numerical  calculations  show  that  the  PVR  is  related  to  the  bulk, 
room-temperature  mobility  by 


—  Theory 

Doping  provides  an  experimental  knob  on  the  jq  _  _  y  _  .  Pvnprimpnt 

disorder  and  mobility.  In  a  set  of  experiments,  we  increased  _ ^  P _ ' 

the  doping  throughout  an  AlAs/InGaAs/AlAs  based  RTD,  g  _ 

measured  the  PVR,  and  measured  the  mobility  of  the  well  ^  * 

material  by  growth  of  bulk  InGaAs  epi-layers  characterized  >  g  _  f' 

by  resistivity  and  Hall  measurements.  We  also  numerically  XX'*” 

calculated  the  PVR  of  the  InGaAs  RTD  as  a  function  of  ^  ^  ' 

mobility.  The  experimental  and  numerical  results  are  shown  '  _ _ — 

in  Fig.  (2).  Except  at  low  mobility,  the  numerical  _  ^ - - 

calculations  tend  to  underestimate  the  PVR.  Therefore,  we  ^ 

use  the  experimental  data  combined  with  relation  (2)  to  make  ^  i  i  i  i 

predictions  for  other  materials.  1^  -  .  ,  ,  -  o 

We  propose  a  general  guide  relating  PVR  to  the  bulk  ^  ^  ” 

mobility  and  conductivity  effective  mass  illustrated  in  Fig.  Mobility  (1000  cm  /Vs) 

(3).  The  PVR  vs.  mobility  curve  for  the  InGaAs  RTD  is 

replotted.  The  other  curves  are  obtained  by  scaling  the  F'g-  2.  Experimental  and  theoretical  PVR 
InGaAs  mobility  by  The  scaling  law  vs.  mobility  for  an  InGaAs  well.  ^ 

suggests  that  to  obtain  a  PVR  of  5  in  a-Si  with  m^  =  0.5  m„  will  require  a  mobility  of  400  cm  /Vs,  well 
above  values  found  for  a-Si. 


Mobility  (1000  cm  /Vs) 

Fig.  2.  Experimental  and  theoretical  PVR 
vs.  mobility  for  an  InGaAs  well. 


3.  Correlated  Versus  Uncorrelated  Disorder 

In  an  ideal  epitaxial  structure,  the  periodic  crystal  potential  is  undisturbed  in  the  transverse  plane, 
therefore  transverse  crystal  momentum  is  conserved,  and  the  process  illustrated  in  Fig.  (4)  is  not 
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Figure  3.  General  guide  relating  PVR  to  the  bulk  mobility  and  conductivity  effective 
mass  of  the  well  material. 


allowed.  In  the  presence  of  disorder,  the  incident  electron  can  pick  up  a  Fourier  component  of  the 
disorder  potential  and  scatter  into  a  resonant  transverse  momentum  state  k,.  This  is  the  process  by  which 
elastic  scattering  from  disorder  contributes  to  the  valley  current.  The  momentum  coupling  which 
determines  the  amount  of  momentum  that  an  electron  can  obtain  from  the  disorder  is  given  by  the  Fourier 
transform  of  the  random  potential  autocorrelation  function. 

When  the  disorder  is  uncorrelated  oc  /?'),  and  the  momentum  coupling  is  a 

constant  U.  In  this  case,  an  incident  electron  can  pick  up  any  transverse  momentum  that  it  needs  to  get 
into  the  resonant  state,  and  the  scattering  component  of  the  valley  current  is  nearly  constant,  independent 
of  bias  as  illustrated  schematically  in  Fig.  (5a). 

If  the  disorder  is  correlated,  the  inverse 
correlation  length  provides  a  cutoff  to  the  momentum 
transfer.  For  example  with  Gaussian  correlation, 

I  where  A  is  the  correlation 
length,  and  the  momentum  coupling  falls  off  as 
In  the  valley  current  region,  as  the 

bias  is  increased,  an  incident  electron  must  pick  up  more 
transverse  momentum  to  scatter  into  the  resonant 
subband.  The  amount  of  momentum  that  the  electron  can 

obtain  is  governed  by  |(7^|  .  Therefore,  for  correlated 

disorder,  the  scattering  component  of  the  valley  current 
falls  off  with  bias  as  shown  schematically  in  Fig.  (5b). 

We  have  numerically  explored  the  effect  of  the 
correlation  length  for  disorder  limited  to  the  interface 
layers  of  GaAs  /  AlAs  RTDs  for  both  exponentially  and 
Gaussian  correlated  disorder  [6].  Figs.  (3)  and  (4)  of 
reference  [6]  show  that  as  the  correlation  length 
increases,  the  slope  of  the  valley  current  region  becomes 
more  negative  and  the  scattering  assisted  current  decreases  with  bias.  These  results  indicate  that  a  poly¬ 
crystalline  well  with  large  enough  crystal  sizes  may  be  sufficient  for  observing  NDR. 


Figure  4.  The  parabolas  represent  the  transverse 
kinetic  energy.  An  off-resonant  incident  electron 
with  longitudinal  energy  and  zero  transverse 

kinetic  energy  can  elastically  scatter  into  the 
resonant  state  by  trading  off  longitudinal  energy 
for  transverse  kinetic  energy. 
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Figure  5.  (a)  The  contribution  to  the  valley  current  from  uncorrelated  disorder  scattering  is 
essentially  flat,  independent  of  bias,  (b)  The  contribution  to  the  valley  current  from 
correlated  disorder  scattering  falls  off  with  bias. 


Interband  Tunnel  Diodes  and  Disorder 

Very  general  reasons  suggest  that  an  interband  tunnel  diode  (ITD)  such  as  the  Esaki  diode  [7],  the 
quantum  well  Esaki  diode  [8],  or  the  resonant  interband  tunnel  diode  [9]  should  be  less  affected  by 
disorder  than  an  RTD.  A  notable  difference  between  an  ITD  and  an  RTD  is  that  an  ITD  requires  one  less 
conservation  law  to  exhibit  NDR.  RTDs  require  conservation  of  both  total  energy  and  transverse 
momentum  whereas  ITDs  require  only  conservation  of  total  energy.  For  an  RTD,  Fig.  4  shows  that  there 
is  always  a  high  transverse-energy  state  in  the  well  into  which  an  incident  electron  can  scatter  while 
conserving  total  energy.  For  an  ITD  biased  in  the  valley  current  region,  there  are  no  valence  states  into 
which  an  electron  can  elastically  scatter  (see  for  example  Figs.  (4),  (6),  and  (8)  of  reference  [10])-  Since 
disorder  scattering  is  elastic,  the  ITD  should  be  more  resilient  than  the  RTD  to  the  presence  of  di^sorder. 
This  is  in  fact  evident  for  an  Esaki  diode  since  the  active  region  is  doped  to  concentrations  of  10  cm"-. 
Such  a  high  doping  in  the  well  of  an  RTD  would  destroy  its  NDR. 


Summary 

Although  there  is  experimental  evidence  of  coherent  resonance  effects  in  amorphous  Si  /  SiOj  materials, 
both  numerical  calculations  and  analytical  theory  do  not  show  promise  for  good  PVR  from  such 
materials.  Amorphous  barriers  with  a  crystalline  well,  however,  appear  to  be  sufficient.  The  analysis  of 
correlated  disorder  indicates  that  polycrystalline  wells  may  be  sufficient  if  the  domain  sizes  are  l^ge 
enough.  Interband  devices  are  more  robust  in  the  presence  of  disorder  since  they  require  one  less 
conservation  law  to  work. 
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Abstract  The  formation  of  a  semi-insulating  GaAs-layer  by  overlapping  depletion  regions  is  investigated 
by  controlled  introduction  of  matrices  of  tungsten  Nano-Schottkies.  By  varying  the  spacing  between  the 
buried  metal  discs,  the  effect  of  the  Schottky-depletion  on  the  current  transport  is  demonstrated.  A  change 
in  the  conductivity  by  7  orders  of  magnitude  is  measured  with  a  disc  separation  of  200  nm.  In  this  semi- 
insulating  material,  the  presence  and  height  of  a  potential  barrier  between  the  discs  is  deduced  from  the 
temperature  dependence  of  the  current  transport.  Finally,  the  Schottky-barrier  height  of  the  buried  metal 
discs  is  obtained  from  photo-conductivity  measurements. 

1.  Introduction 

The  creation  of  semi-insulating  semiconductor  materials  has  attracted  much  attention  in  the  past,  due 
to  applications  as  insulating  substrates,  buffer-layers,  and  regrown  layers  in  complicated  structures 
such  as  lasers.  A  common  way  of  realising  the  semi-insulating  behaviour  is  to  compensate  the 
shallow  dopants  with  deep-levels,  for  instance  Cr  in  GaAs,  which  pins  the  Fermi-level  in  the  middle 
of  the  band  gap.  However,  it  would  be  advantageous  to  create  isolating  layers  in  a  conttolled  way 
without  the  compensation  by  defects,  which  may  easily  diffuse  to  active  regions  in  the  devices, 

A  special  attention  has  been  given  the  properties  of  GaAs,  grown  by  Molecular  Beam  Epitaxy 
at  low  temperatures.  In  this  material,  arsenic  precipitates  can  be  formed,  which  have  been  proposed  to 
act  as  buried  Schottky  contacts  [1].  However,  in  the  same  material,  a  large  amount  of  As-antisites  has 
been  detected  by  spin-resonance  measurements  [2].  Both  mechanisms  may  lead  to  the  formation  of 
the  observed  semi-insulating  behaviour.  Numerous  investigations  have  been  made  to  elearify  this 
issue,  with  results  supporting  either  model.  The  purpose  of  this  paper  is  to,  in  a  controlled  test 
experiment,  investigate  the  effect  and  operation  of  buried  nano-Schottkies  in  GaAs.  Simultaneously, 
the  used  fabrication  method  offers  a  novel  way  for  creating  vertical  isolation  in  complex  circuits  and 
for  realisation  of  local  injection  with  sub-micrometer  openings  [3]. 

2.  Structure 


A  schematic  of  the  structures  used  for  this  investigation  is  shown  in  fig.  1.  300  nm  GaAs,  Si-doped 
3'*  cm■^  was  grown  on  a  (100)  substrate  by  Metalorganic  Vapour  Phase  Epitaxy  (MOVPE). 

Ohmic  contact  GaAs  n'^-cap 


Ohmic  contact 
_ ^ _ 


300  nm  GaAs 
(2x10''®  cm"®) 

-  Embedded  W  discs 
_300  nm  GaAs 
(2x10''®  cm'®) 

-GaAs  n'''-substrate 


Fig.  1  A  fabricated  structure  is  shown  to  the  left  and  a  Scanning  Electron 
Microscopy  image  of  W  discs  before  overgrowth  to  the  right. 
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Fig.  2  Room-temperature  conductance  for  structures  with  varying  spacing  between  the  discs. 

Structures  with  tungsten  (W)  discs  were  defined  by  electron  beam  lithography  and  subsequent  metal 
evaporation  in  a  lift-off  process.  Tungsten  was  chosen  as  metal  due  to  is  outstanding  thermal  stability 
in  GaAs,  even  during  overgrowth  [4],  and  in  separate  structures  we  measured  a  Schottky  barrier 
height  of  800  meV  for  buried  gratings.  The  buried  discs  of  50  nm  diameter  were  arranged  in  regular 
2D  square  lattices.  Structures  with  different  periods  in  the  pattern  were  included  in  order  to  study  the 
change  in  conductance  with  respect  to  metal  density.  After  cleaning,  the  sample  was  introduced  into 
the  growth  chamber  and  all  structures  are  covered  by  300-nm-thick,  single  crystalline  GaAs  with  the 
same  doping.  The  details  of  the  growth  conditions  were  identical  to  our  previously  used  conditions 
and  they  are  described  elsewhere  [5].  Finally,  mesas  were  formed  and  ohmic  contacts  were  defined 
on  the  top  of  each  mesa  and  to  the  substrate. 

3.  Characterisation 

3.1  Conductance 

The  vertical  current  transport  between  the  top  and  bottom  ohmic  contacts  were  measured  for  each 
structure  at  room-temperature  to  study  the  influence  of  the  Schottky  depletion  around  the  buried  metal 
discs  on  the  conductance.  In  Fig.  2,  the  measured  conductance  are  shown.  The  indicated  reference 
level  is  the  conductance  of  control  stmctures  without  any  buried  discs.  As  metal  discs  are  introduced 
into  the  GaAs,  the  conductance  decreases  due  to  the  smaller,  un-depleted  area  available  for  the  current 
transport.  However,  as  can  be  seen  in  the  figure,  only  a  minor  change  in  conductance  with  increasing 
disc  density  is  obtained  for  a  spacing  larger  than  400  nm  between  the  discs.  In  contrast,  the 
conductance  drops  by  3  orders  of  magnitude  for  the  structures  with  300  nm  between  the  discs,  and 
for  the  stmctures  with  200  nm  separation,  a  change  by  7  orders  of  magnitude  is  observed.  Thus,  a 
semi-insulating  layer  has  been  obtained  by  introducing  W  discs  with  a  separation  of  200  nm  into  the 
GaAs.  The  dramatic  change  in  conductance  indicates  that  overlapping  depletion  regions  start  to  form 
at  a  disc  spacing  of  around  400  nm  for  this  chosen  doping  level  as  discussed  below. 

3.2  The  potential  barrier  from  overlapping  depletion  regions 

In  order  to  measure  the  potential  barrier  that  is  formed  by  the  depletion  regions,  the  temperature- 
dependence  on  the  current  transport  was  measured.  Since  the  metal  discs  are  arranged  in  square 
patterns,  we  believe  that  the  current  transport  is  going  through  the  centre  between  the  four  discs  in 
each  unit  cell  of  the  buried  disc  lattice.  Thus,  the  minimum  in  the  metal-induced  potential  barrier  can 
be  deduced  from  temperature  dependent  measurements.  Assuming  that  the  current  transport  over  the 
barrier  can  be  described  by  thermionic  emission 
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Fig.  3  Measured  potential  minima  of  the  metal-induced  barrier  in  the  GaAs  between  the  discs. 

the  barrier,  tp,  can  be  deduced  in  Arrhenius  plots.  Now,  the  current  level  was  measured  at  an  applied 
bias  of  0.01  V  for  varying  temperatures  and  structures,  and  the  obtained  barriers  from  the  Arrhenius 
plots  are  shown  in  fig.  3.  This  graph  verifies  the  presence  of  overlapping  depletion  regions,  as  seen 
by  an  increase  in  the  barrier,  and  it  also  explains  the  dramatic  change  in  &e  conductivity  as  observed 
in  fig.  1.  We  hence  conclude  that  the  semi-insulating  behaviour  in  our  material  is  created  by 
overlapping  depletion  regions  from  the  buried  nano-Schottkies. 

3.3  The  Schottky  barrier  height 

In  this  investigation,  the  height  of  the  metal-semiconductor  Schottky  barrier  of  the  buried  nano- 
Schottkies  have  been  deduced  from  photo-conductivity  measurements.  A  bias  of  0.5  V  was  applied  to 
the  top  ohmic  contact  and  the  steady-state  current  level  was  measured  between  the  two  ohmic  contacts 
during  illumination  at  77  K.  Photons  are  absorbed  in  the  buried  layer  and  carriers  are  released  from 
the  metal,  which  results  in  an  increased  conductivity  in  the  semiconductor  between  the  discs.  The 
maximum  change  in  conductance  we  observed,  was  an  increase  by  3  orders  of  magnitude  when  the 
structure  was  illuminated.  According  to  the  Fowler  theory,  the  photoresponse,  R,  is  expected  to  vary 
with  the  photon  energy  as 

R^{hv-hVg'f' 

where  Vq  is  the  Schottky  barrier  height  [6].  Indeed,  plotting  the  square  root  of  the  measured  photo¬ 
conductivity  versus  photon  energy,  a  linear  relationship  is  observed  with  a  threshold  of  840  meV  as 
shown  in  fig.  4.  In  order  to  compare  the  barrier  of  the  buried  nano-Schottkies  with  macroscopic 
diodes,  the  sample  also  included  W  squares  with  100  pm  in  side-length.  Due  to  the  selectivity 
between  W  and  GaAs  in  the  growth,  the  squares  were  not  covered  by  GaAs  and  these  diodes  could  be 
contacted  directly  after  the  overgrowth.  The  obtained  values  from  the  forward  current-voltage 
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Fig.  4  Spectral  distribution  of  photo-conductivity  at  77  K 

characteristics  (800  meV)  and  from  photo-conductivity  measurements  (880  meV)  of  these 
macroscopic  diodes  are  included  in  fig.  4.  The  close  agreement  between  the  barrier  heights  is  a  strong 
indication  that  the  W  nano-discs  do  form  a  Schottky  barrier  to  the  GaAs  and  that  the  observed  photo¬ 
conductivity  is  caused  by  carrier  emission  from  the  buried  metal  discs. 

4.  Conclusions  and  discussion 

Patterns  of  tungsten  discs  with  a  diameter  of  50  nm  have  been  introduced  in  GaAs  in  a  controlled  way 
and  the  effect  on  the  conductance  in  the  GaAs  has  been  measured.  It  is  shown  that  the  vertical 
conductance  is  reduced  by  7  orders  of  magnitude  as  the  disc  separation  is  reduced  from  400  nm  down 
to  200  nm.  The  origin  of  this  enormous  drop  in  conductance  is  the  formation  of  a  potential  barrier 
from  overlapping  depletion  regions  around  the  nano-Schottkies.  A  potential  barrier  of  550  meV  has 
been  measured  for  the  structures  with  200  nm  separation  between  the  discs.  Furthermore,  a  Schottky 
barrier  height  of  840  meV  for  the  buried  metal  discs  have  been  measured  by  internal  photo-emission. 
This  Schottky  barrier  height  is  found  to  agree  very  well  with  the  corresponding  barrier  which  we 
measured  for  macroscopic  W-GaAs  diodes.  The  presented  data  show  that  semi-insulating  GaAs  can 
be  created  in  a  controlled  way  by  overlapping  depletion  regions  from  metallic  nano-Schottkies  on  a 
floating  potential.  This  technique  can  be  used  for  realisation  of  local  injection  in  devices  and  circuits. 
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Abstract.  We  demonstrate  a  simulation  tool  which  treats  a  fiill  two  dimensional  cross  section  of  a  semicon¬ 
ductor  laser  diode  with  multiple  quantum  wells  in  the  active  region.  The  free  carrier  transport,  the  bound 
quantum  well  populations,  the  capture  of  carriers  into  the  quantum  wells,  the  gain  and  spontaneous  emission, 
the  transverse  optical  mode  and  the  photon  mode  population  are  all  treated  in  a  Hilly  coupled  and  self  consis¬ 
tent  solution  for  each  bias  of  the  laser  diode.  The  simulations  are  illustrated  for  an  EMBH  laser  structure  with 
seven  quantum  wells  in  the  active  region. 


Optoelectronic  devices  pose  a  diverse  range  of  problems  for  simulation.  Many  aspects  of  the 
device  performance  can  he  understood  with  phenomenological  models.  However,  the  demands  for 
improved  performance,  especially  in  the  telecommunications  arena,  drive  a  real  need  for  predictive  sim¬ 
ulation  tools  based  on  a  microscopic  understanding  of  the  physical  device.  This  is  a  very  challenging 
problem.  The  operation  of  a  semiconductor  laser  diode  depends  on  carrier  transport  on  the  scale  of 
microns  as  well  as  quantum  mechanical  processes  on  the  scale  of  100  A.  These  disparate  scales  must 
be  treated  simultaneously  along  with  the  optical  field  in  the  device.  In  recent  years,  several  groups  have 
worked  on  integrated  models  for  the  operation  of  quantum  well  lasers  [1-4].  In  this  work,  we  integrate 
the  necessary  physical  models  with  efficient  numerical  algorithms.  This  allows  realistic  simulation  of 
the  full  two-dimensional  cross  section  of  the  laser  diode  in  a  tractable  amount  of  computer  time. 

As  an  overview,  consider  the  flow  of  carriers  from  the  external  contacts  through  a  typical  semicon¬ 
ductor  laser  diode  (Fig.  1).  A  laser  is  a  fully  three  dimensional  device  which  can  be  conceptually  parti¬ 
tioned  into  an  x-y  cross  section  with  a  p-i-n  diode  structure  and  an  extended  optical  cavity  along  z  with 
mirrors  on  either  end.  The  diode  under  forward  bias  results  in  simultaneous  injection  of  electrons  and 
holes  into  the  n-  and  p-type  cladding  respectively.  Flow  of  these  carriers  is  governed  by  conventional 
semiconductor  transport  equations.  The  optically  active  region  of  the  device  is  typically  a  lower  band 
gap  material.  This  double  heterostructure  both  confines  carriers  and  provides  a  higher  refractive  index 
region  which  confines  the  optical  mode  in  the  x-y  plane.  Accumulation  of  the  electrons  and  holes  in  the 
active  region  under  forward  bias  leads  to  optical  inversion  providing  gain  for  the  lasing  mode.  In  a 
quantum  well  laser,  the  lowest  bound  electron  and  hole  states  in  the  wells  provide  the  gain.  This  sepa¬ 
rate  two  dimensional  population  of  carriers  is  coupled  to  the  bulk-like  three  dimensional  carriers  by 
capture  and  emission  processes.  When  the  material  gain  due  to  the  accumulated  carriers  approaches  the 
other  losses  experienced  by  the  photon  mode  in  the  optical  cavity,  stimulated  emission  of  photons 
becomes  significant.  The  stimulated  emission  time  competes  with  other  important  time  scales  in  the 
carrier  transport:  diffusion  times,  capture  or  emission  times,  and  energy  relaxation  times.  This  has 
important  consequences  for  the  laser  operation,  particularly  under  high  frequency  modulation.  So  far, 
these  issues  arise  for  one-dimensional  transport.  In  many  applications,  it  is  essential  to  have  a  single 
lasing  mode.  Therefore,  the  transverse  waveguide  formed  by  the  active  area  will  only  have  a  few 
micron  extent.  At  the  same  time,  an  efficient  device  requires  that  most  of  the  current  flow  through  this 
active  area.  Designs  to  restrict  the  current  pose  additional  problems  for  simulation  of  the  carrier  trans- 
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Figure  1 .  Schematic  illustration  of  a  semiconductor  laser  diode  cross  section  (left)  and  energy  band  profile  for 
the  active  region  (right)  indicating  some  of  the  microscopic  processes. 

port  through  the  device  and  require  that  the  full  x-y  cross  section  be  treated. 

These  basic  processes  in  the  laser  are  embodied  as  follows.  The  electron  and  hole  densities  are 
decomposed  into  a  classical  three  dimensional  population  (n,  p)  and  confined  populations  in  each  quan¬ 
tum  well  (Uq,  Pq).  The  carrier  transport  is  described  by  classical  drift-diffusion  equations  [5]: 

-V»(eVF^)  =  q{p  +  Pq-n-n^  +  N i^-N ^)  , 


iv.j„  =  /f  +  c„, 

where  V,,  is  the  electrostatic  potential,  e  is  the  dielectric  constant,  Np  and  Na  are  the  ionized  donors  and 
acceptors,  J„  and  Jp  are  the  electron  and  hole  current  densities  and  R  and  C  are  the  recombination  and 
capture  rates.  The  equations  are  written  for  the  steady-state  case. 

The  confined  carriers  in  the  quantum  wells  occupy  bound  subbands  which  must  be  computed  quan¬ 
tum  mechanically: 

(^0+  • 


The  Hamiltonian  used  here  is  an  eight  band  effective  mass  model  to  which  the  electrostatic  potential  is 
added.  The  solutions  provide  the  subbands  and  dispersions  as  well  as  the  input  for  the  calculation  of  the 
optical  properties  of  the  quantum  wells  including  the  gain  [6].  The  number  of  carriers  in  each  well  is 
determined  by  rate  equations  which  balance  the  capture  and  emission,  the  stimulated  emission  and  the 
other  recombination  mechanisms  (written  here  for  steady-state): 

C„-GS-R^  =  0, 


C^-GS-R^  =  0. 

The  recombination  mechanisms  for  the  bound  carriers  in  Rq  include  the  spontaneous  emission,  which  is 
calculated  directly  along  with  the  gain,  as  well  as  other  mechanisms  such  as  Auger  which  are  included 
phenomenologically.  The  stimulated  emission  term  consists  of  the  modal  gain  G  computed  from  the 
bound  states  using  a  density  matrix  formulation  and  the  photon  population  in  the  lasing  mode,  S.  These 
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equations  are  repeated  for  each  quantum  well  and  may  be  generalized  to  more  than  one  photon  mode. 

The  shape  of  the  transverse  optical  mode  is  described  by  a  scalar  wave  equation  : 

V2(()  +  =  K^fj)  , 

where  k  is  the  vacuum  wavevector  and  k  is  the  modal  propagation  constant.  In  general,  the  dielectric 
constant  depends  on  the  carrier  density  distribution  in  the  device.  The  longitudinal  optical  cavity  along 
the  z-axis  defines  a  set  of  cavity  modes,  each  with  an  associated  loss,  or  lifetime.  The  number  of  pho¬ 
tons  in  each  mode  is  determined  by  an  integral  rate  equation: 

^  p' 

where  G  is  the  modal  gain,  Xp  is  the  photon  lifetime  and  p  describes  the  small  coupling  of  the  spontane¬ 
ous  emission  into  the  cavity  mode.  For  the  present  simulations  of  the  laser  cross  section,  information 
on  the  longitudinal  modes  must  be  supplied  externally.  In  general,  the  photon  lifetime  (loss)  depends 
on  the  carrier  density  distribution  in  the  device  due  to  free  carrier  absorption. 

The  equations  describing  the  laser  form  a  strongly  coupled  non-linear  set  which  must  be  solved 
simultaneously  for  each  bias  of  the  laser.  We  discretize  the  transport  and  integral  rate  equations.  The 
resulting  set  of  order  20,000  algebraic  equations  are  solved  iteratively  using  a  Newton  update  method. 
At  each  iteration,  the  eigenvalue  problems  associated  with  the  optical  mode  and  the  subbands  in  the 
quantum  wells  are  solved  directly.  A  key  feature  of  laser  simulation  is  the  threshold  behavior  of  the 
photon  population  which  rises  by  several  orders  of  magnitude  as  the  gain  approaches  the  photon  life¬ 
time.  A  set  of  slack  variables  are  introduced  to  insure  stable  and  efficient  convergence  of  the  numerical 
solutions.  The  final  set  of  equations  are  well  conditioned  and  the  algorithm  is  quadratically  convergent. 
We  have  discussed  these  issues  elsewhere  [4,7]. 

To  illustrate  the  simulations,  we  consider  a  multi-quantum  well  laser  with  an  active  layer  which  is 
roughly  representative  of  1 .3  gm  telecommunications  lasers  based  on  the  InGaAsP  materials  system  on 
an  InP  substrate.  The  150  A  quaternary  alloy  barriers  have  a  bandgap  of  1.05  gm  while  the  strained  (1% 
compressive)  70  A  wells  have  a  band  gap  chosen  so  that  the  lowest  quantized  transition  occurs  at  1.33 
gm.  The  resulting  gain  and  spontaneous  emission  computed  from  the  eight  band  model  are  shown  in 
Fig.  2.  The  splitting  between  the  TE  and  TM  spectra  corresponds  to  the  light  hole  to  heavy  hole  sepa- 
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Figure  2.  Calculated  modal  gain  per  quantum  well  (left)  and  spontaneous  emission  (right)  spectra  in  the  TE 
(solid)  and  TM  (dashed)  polarizations  for  n  =  p  =  1, 2, 3, 4  and  5x10^^  cm'^. 


Figure  3.  Schematic  cross  section  of  the  EMBH  laser  simulated  (right)  and  an  expanded  view  of  the  region 
around  the  active  layer  (left).  Half  the  device  is  shown.  The  quantum  wells  are  still  not  easily  resolved  on  this 
scale.  The  grid  shown  illustrates  the  topology  of  the  mesh.  The  actual  mesh  is  substantially  refined. 

ration  resulting  form  the  mass  difference  and  the  strain.  Compressive  strain  suppresses  the  TM  gain. 
The  peak  of  the  gain  is  quite  close  to  1.3  pm.  These  spectra  are  calculated  for  a  single  quantum  well 
under  flat  band  conditions.  The  same  full  quantum  calculation  is  done  for  the  gain  at  the  laser  mode 
energy  and  for  the  integrated  spontaneous  emission  rate  at  each  iteration  of  the  full  device  calculation. 

The  active  region  of  the  device  studied  here  is  composed  of  7  wells.  These  are  embedded  in  a 
diode  with  a  so-called  EMBH  structure  illustrated  in  Fig.  3.  Contact  is  made  to  the  top  p-layer  and  the 
bottom  n-layer.  The  floating  n-layer  and  the  i-layer  serve  to  constrain  the  current  to  largely  flow 
through  the  active  layer  at  the  center.  The  region  labeled  ‘MQW’  includes  the  7  wells,  6  barriers  and 
two  further  layers  (700  A)  of  1.05  pm  band  gap  to  help  confine  the  optical  mode.  A  critical  issue  in  the 
solution  of  the  device  equations  is  to  achieve  an  adequate  mesh  for  accurate  discretization.  Figure  3 
gives  an  indication  of  the  mesh  topology  that  is  necessary  to  accommodate  both  the  small  length  scale 
quantum  well  regions  as  well  as  the  wider  areas  of  the  device  (width  of  5  pm  shown). 

Many  features  of  the  device  can  be  studied  with  a  quasi-one-dimensional  simulation.  This  is  equiv¬ 
alent  to  simulating  a  wide  area  diode.  We  choose  the  mirror  loss  corresponding  to  a  Fabry-Perot  device 


Figure  4.  Photon  number  versus  input  current  on  a  log  (left)  and  a  linear  (right,  xlO^)  scale.  This  is’  related 
to  output  power  by  a  conversion  factor  involving  the  length  of  the  laser  and  the  mirror  reflectivity. 
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Figure  5.  Band  diagram  for  a  voltage  well  above  threshold  (left)  and  the  ratio  of  the  gain  in  each  well  to  the 
total  loss  as  a  function  of  current  (right). 

with  cleaved  facets  and  a  cavity  length  of  1  mm.  Waveguide  loss  and  free  carrier  absorption  are  not 
included  for  simplicity,  but  can  be  at  no  additional  cost  in  simulation  time.  The  resulting  light-current 
curves  are  shown  in  Fig.  4.  The  extended  light-emitting  diode  region  below  threshold  is  followed  by  a 
roughly  6  order  of  magnitude  rise  in  photon  number  at  threshold.  The  threshold  current  is  about  10 
mA.  Linear  output  is  found  above  threshold  since  leakage  current  is  minimal  in  the  quasi-one  dimen¬ 
sional  case.  The  value  of  threshold  is  reasonable,  but  of  course  strongly  dependent  on  the  assumptions 
concerning  loss  as  well  as  the  Auger  recombination  coefficient  (here  chosen  to  be  2x10'^®  cm®/sec). 

Interesting  features  already  appear  in  this  one  dimensional  simulation.  Firstly,  the  active  region  of 
the  device  is  not  in  truly  flat  band  conditions  as  seen  in  Fig.  5.  This  depends  in  part  on  the  doping  levels 
assumed,  here  2x10'^  for  the  separate  confinement  layers  and  2x10’®  for  the  well  and  barrier  regions. 
The  gain  in  each  well  is  very  sensitive  to  the  local  band  profile  and  carrier  density.  The  bound  electron 
and  hole  populations  vary  substantially  among  the  wells  as  shown  by  the  difference  in  gain  between  the 
well  nearest  the  p-contact  and  the  ones  closer  to  the  n-contact.  The  gain  is  shown  relative  to  the  total 
loss,  so  the  sum  of  contributions  must  approach  unity  above  threshold.  Especially  at  large  laser  output, 
most  of  the  gain  is  supplied  by  a  single  well.  This  result  depends  in  detail  on  such  factors  as  the  model 
for  carrier  capture  into  the  wells,  the  device  temperature  and  the  other  recombination  mechanisms.  It 
illustrates  the  competition  between  the  rate  for  stimulated  emission  and  the  times  associated  with  trans¬ 
port  of  carriers.  Similar  results  have  been  seen  in  previous  simulations  [2,  3]. 

Full  two  dimensional  simulations  allow  further  microscopic  details  of  the  laser  operation  to  be 
studied.  Figure  6  illustrates  this.  Whereas  the  quasi-one  dimensional  simulation  shows  linear  light  ver¬ 
sus  current  up  to  high  bias,  the  full  EMBH  diode  simulation  gives  a  dramatically  non-linear  output. 
This  is  largely  due  to  leakage  paths  which  open  up  through  the  i-layer.  This  is  illustrated  by  the  rela¬ 
tively  high  carrier  density  in  the  i-region.  This  is  shown  in  Fig.  6  for  the  three  dimensional  electron 
density.  Other  interesting  details  can  also  be  found.  The  electron  density  in  the  active  region  is  actually 
highest  in  the  region  near  the  p-contact.  This  is  closely  related  to  the  strong  variation  in  the  gain  among 
the  various  wells  highlighted  in  Fig.  5.  The  holes  tend  to  accumulate  more  in  the  wells  nearest  the  p- 
contact  because  of  the  relative  difficulty  of  moving  them  through  the  quantum  well  stack  on  a  time  scale 
which  is  in  competition  with  stimulated  recombination.  The  electrons  tend  to  follow  the  holes  to  mini¬ 
mize  the  electrostatic  energy  and  to  support  the  relatively  higher  capture  rate  in  those  wells  demanded 
by  the  stimulated  emission. 

This  paper  briefly  describes  an  efficient  and  comprehensive  laser  diode  simulation  tool.  Full  bias 
scans  can  be  done  in  minutes  for  the  quasi  one  dimensional  case  and  in  one  to  two  hours  for  the  full  two 
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Figure  6.  The  light  current  curve  for  a  full  two  dimensional  simulation  is  compared  to  the  one-dimensional 
case  highlighting  the  carrier  leakage  around  the  active  region  at  high  bias  (right).  The  three  dimensional  elec¬ 
tron  distribution  near  the  active  region  is  shown  in  gray  scale  (left)  for  a  high  bias 


dimensional  cases,  both  on  workstations.  This  opens  up  the  opportunity  for  detailed  comparison  to 
experiment.  Possibilities  include  small  and  large  signal  modulation  response,  dynamic  impedance  and 
optical  spectra. 
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Monte  Carlo  Estimation  of  Excess  Noise  Factor  in  Thin  p^-i-n^ 
Avalanche  Photodiodes 


D.S.  ONG,  KF.  Li,  G.J.  Rees,  GM.  Dunn,  J.P.R  David  and  P.N.  Robson 
Department  of  Electronic  and  Electrical  Engineering, 
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Abstract  -  A  Monte  Carlo  model  has  been  used  to  estimate  the  excess  noise  fector  in  thin  p^-i-n*  GaAs 
avalanche  photodiodes.  The  model  predicts  a  decrease  in  excess  noise  fector  as  the  multiplication  length 
decreases  from  1.0  to  0.05pm,  in  good  agreement  with  recent  experimental  measurements.  Our  simulations 
suggest  that  electron  initiated  multiplication  in  short  devices  has  inherently  reduced  noise  despite  higher 
feedback  from  hole  ionization,  as  compared  to  long  devices.  This  low  noise  behaviour  in  short  devices  is 
explained  from  the  ionization  path  length  distribution. 


1.  Introduction 

Recent  experimental  measurements  on  GaAs  avalanche  photodiodes(APDs)  [1,2]  have  shown  a 
significant  reduction  in  excess  noise  factor,  F  as  the  length  of  the  multiplication  region  decreases  below 
one  micron.  This  improvement  in  noise  performance  cannot  be  attributed  to  a  large  difference  in  the 
magnitude  of  the  electron  (a)  and  hole  (P)  ionization  coefiBcients  as  argued  fi’om  McIntyre's  theory  [3], 
This  is  because,  as  the  device  shrinlcs  in  length,  the  operating  electric  field  increases  and  a  and  P  tend  to 
approach  one  another  [4].  Thus,  the  McIntyre  noise  theory  caimot  be  a  true  representation  when  the 
length  of  the  multiplication  region  is  small.  It  has  been  noted  earlier  by  Van  Vliet  et  a/.  [5]  that  the 
continuous  McIntyre  noise  theory  is  not  applicable  when  the  number  of  ionization  per  primary  carrier 
transit  is  small.  Although  this  theory  has  been  used  successfully  by  Hu  et  o/.[l]  to  fit  to  their 
experimental  data  for  GaAs  APDs  with  multiplication  lengths  <  1.0  pm,  it  requires  an  unreasonable 
ratio  of  ionization  probabilities.  They  conclude  that  the  electron  ionization  probabihty  is  considerably 
enhanced  in  short  devices,  compared  with  the  hole  ionization  probability.  Marsland  et  a/.  [6]  used  a 
numerical  method  for  determining  F,  based  on  the  'lucky  drift'  model  of  carrier  transport.  Their 
computer  simulation  of  carrier  transport  is  able  to  describe  the  random  variations  in  multiplication. 
However,  these  authors  point  out  that  their  idealized  'lucky  drift'  model  of  carrier  transport  gives  only 
an  approximate  description  of  multiplication  noise.  In  this  paper,  we  apply  a  similar  technique  to 
estimate  F,  but  use  a  Monte  Carlo  (MC)  model  for  carrier  transport  to  investigate  the  dependence  of  F 
on  multiplication  length  in  short  GaAs  APDs. 


2.  The  Monte  Carlo  Estimation  of  Excess  Noise  Factor 

The  Monte  Carlo  model  used  in  this  work  is  shnilar  to  that  reported  by  Duim  et  a/.[7].  This 
model  has  proven  capable  of  calculating  accurately  electron  and  hole  mean  energies,  drift  velocities, 
ballistic  overshoot  and  impact  ionization  coefiBcients,  as  well  as  the  associated  dead  space  and  spatial 
dependence  of  ionization.  The  excess  noise  factor,  F,  is  estimated  following  the  approach  introduced  by 
Marsland  et  al.  [6].  F  is  defined  as  F  =  <M^  /  <M>^  ,  where  <M>  is  the  mean  multiplication  and 
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Applied  Vohage  (V) 

Fig.1:  The  electron  multiplication  curve  versus  applied 
voltage(V)  for  the  range  of  GaAs  PIN  diodes  with  width  as 
shown. 


Mean  Multiplication,  <M> 

Fig.3:  Ratio  of  Nh  /  N,  of  the  number  of  hole  to  electron 
ionization  events,  for  electron  injection  as  a  function  of 
mean  multiplication. 


Mean  Multiplication,  <M> 


Fig.2;  Excess  noise  fector  versus  mean  multiplication  for 
electron  initiated  multiplication  in  PIN  GaAs  diodes.  Solid 
lines  depict  the  results  of  McIntyre's  theory  (k  =  p/a)  and 
symbols  denote  values  calculated  from  the  Monte  Carlo 
model. 


<M^>  is  the  mean  square  multiplication.  For  electron  (hole)  initiated  multiplication,  an  electron  (hole)  is 
injected  'cool'  from  one  edge  of  the  multiplication  region  and  both  the  motions  of  the  primary  carrier 
and  of  the  carriers  generated  subsequently  are  considered  simultaneously  within  the  MC  framework. 
The  total  number  of  ionization  events,  Nt  is  recorded  when  all  the  carriers  have  left  the  multiplication 
region;  the  multiplication  for  that  trial  is  then  given  by,  M  =  Nj  +  1.  By  repeating  the  procedure  for 
many  trials,  <M>,  <M^>  and  F  can  be  calculated.  The  number  of  trials  is  extended  until  successive 
values  of  F  differ  by  less  than  lO"'*. 


3.  Results  and  Discussion 

In  this  study,  the  p*-i-n^  structures  were  simulated  using  the  depletion  approximation  with  p''^ 
and  n''^  doping  density  of  IxlO'^cm’’  and  undoped  i-region  lengths  of  0.05,  0.1,  0.5,  and  1.0pm. 
Simulated  multiplication  characteristics,  shown  in  figure  1  for  electron  multiplications  are  in  good 
agreement  with  the  experimental  measurements  of  Plimmer  et  a/.[8].  Figure  2  shows  the  MC  estimated 
excess  noise  factor  for  electron  initiated  multiplication  for  all  devices  as  a  function  of  mean 
multiplication  value  up  to  <M>  =  10.  Also  shown  in  the  figure  for  comparison  are  the  excess  noise 
factors  calculated  from  the  McIntyre  noise  theory  for  different  constant  k  values.  The  MC  estimated 
values  of  F  for  all  four  devices  increase  monotonically  with  <M>.  Very  importantly,  over  the  whole 
range  of  <M>,  F  decreases  with  decreasing  length  of  the  multiphcation  region.  A  similar  multiplication 
noise  characteristic  was  observed  for  hole  injection  in  these  devices.  This  is  consistent  with  recent 
experimental  measurements  [2].  In  shorter  devices  the  electric  field  must  increase  to  maintain  the  same 
value  of  <M>.  For  GaAs  the  ratio  p/a  increases  with  electric  field  and  so  might  be  expected  to 
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Fig.4:  Distribution  of  multiplication  P(M)  for  single 
electron  initiated  multiplication  in  GaAs  APDs  with 
multiplication  length,  w  =  0.05,  0.1  and  0.5pm.  The  mean 
multiplication  value  and  excess  noise  factor  for  each 
device  are  shown  in  the  corresponding  figure.  Insert  are 
results  plotted  to  a  linear  scale. 


Electron  Ionization  Path  Length,  (pm) 

Fig.5:  Probability  distributions,  S(^)  of  electron 
ionization  path  lengths  calculated  fi'om  the  MC  model  for 
the  electric  fields,  E  =  300,  600  and  900  kV/cm,  <  ^  ,>  is 
the  mean  ionization  path  length. 


increase  the  feedback  ratio  for  electron  injection,  Nh/Ne,  the  ratio  of  the  nnmber  of  hole-initiated  to 
electron-initiated  ionization  events,  as  seen  in  figure  3.  This  is  acconqianied  again  by  a  reduction  in  F 
(Fig.2),  contrary  to  our  expectations  fiom  the  McIntyre  model,  in  which  multiplication  noise  is 
increased  by  feedback  ionization  fiom  the  opposite  type  of  carrier  fiom  that  injected. 

The  probability  functions  P(M)  for  electron  injected  multiplication  are  presented  in  figure  4  for 
applied  voltage,  Vapp  =  5.3,  6.55  and  18.32V  for  increasing  device  length  and  corresponding  to  <M>  of 
~5.1.  These  distribution  histograms  are  seen  to  narrow  as  the  i-length  decreases  fiom  0.5  to  0.05|mi, 
specially  evident  in  the  tail  at  high  values  of  multiplication  which  is  particularly  important  in  determining 
<M^>.  In  figure  4,  we  also  present  these  results  on  a  linear  scale  in  the  insets.  From  these  it  can  clearly 
be  seen  that  in  long  devices  (0.5pm)  the  multiplication  distribution  is  monotonically  decaying. 
Moreover,  the  peak  in  probability  is  drifted  closer  to  the  mean  value  in  shorter  devices.  The  probability 
that  an  electron  will  traverse  the  device  without  initiating  iir^act  ionization  P(M  =  1)  reduces  fiom  0.29 
to  0. 15  as  the  multiplication  length  decreases  fiom  0.5  to  0.05pm.  This  more  deterministic  behaviour  is 
one  of  the  main  reasons  for  the  low  noise  behaviour  in  short  devices,  where  the  high  electric  field 
enables  more  carriers  to  reach  the  impact  ionization  threshold  energy  for  the  same  <M>,  compared  to 
long  devices. 
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The  normalized  ionization  path  length  distribution  fimctions,  S(  ^ )  for  electron  are  shown  in 
figure  5  for  electric  field,  E  =  300,  600  and  900kV/cm.  These  distribution  fimctions  were  calculated  by 
making  a  histogram  of  the  distance  travelled  by  a  single  electron  between  successive  ionization  events. 
For  long  devices  (i-length  >0.5|im)  with  operating  electric  field  about  300kV/cm  or  less,  S(^)  is 
approximately  exponential  with  a  very  small  displacement  fi-om  the  origin.  As  the  devices  become 
shorter  and  the  electric  field  increases  to  maintain  <M>,  the  length  scales  of  the  distribution  fimctions 
contract,  corresponding  to  a  larger  ionization  coefficient.  Moreover,  the  displacement  in  the  peak  of 
S(  ^ )  now  becomes  more  prominent,  indicating  the  increasing  importance  of  the  dead  space  for  short 
devices.  This  result  shows  clearly  that  the  implicit  assumption  in  McIntyre's  analysis,  that  the  ionization 
path  length  distribution  fimction  is  a  simple  exponentially  decaying  fimction,  is  not  correct  at  high  fields. 

As  can  be  seen  in  figure  5,  the  dead  space  represents  a  significant  portion  of  the  multiplication 
length  in  short  devices.  It  serves  to  reduce  the  probability  of  higher  order  ionization  events,  as  the 
subsequently  generated  carriers  need  to  travel  a  larger  fi'action  of  the  remaining  device  length  (the  dead 
space)  in  order  to  cause  an  impact  ionization.  As  a  result,  the  length  of  the  multiplication  chains  in  short 
devices  is  limited  as  the  subsequently  generated  carriers  are  more  likely  to  leave  the  multiplication 
region  without  inducing  further  impact  ionization.  This  consequently  narrows  the  probability 
distribution  for  multiplication  as  shown  in  figure  4.  Hence,  in  short  devices  a  lower  excess  noise  factor 
is  possible  for  electron  initiated  multiplication,  despite  the  higher  feedback  from  hole  ionization,  since 
the  fluctuations  introduced  by  higher  order  ionization  process  are  reduced  by  the  dead  space  effect. 


4.  Conclusions 

The  multiplication  noise  in  GaAs  p^-i-n'^  APDs  has  been  investigated  using  MC  simulation.  We 
have  demonstrated  clearly  that  the  excess  noise  fector  depends  strongly  on  the  deviation  of  ionization 
path  length  distribution  function  from  the  conventional  assumed  exponential  distribution  as  the 
operating  electric  field  increases  in  short  devices.  Simulation  results  suggest  that  electron  initiated 
multiplication  in  short  devices  has  inherently  reduced  noise  despite  higher  feedback  from  hole 
ionization,  as  compared  to  long  devices.  Hence,  a  low  noise  and  high  ^eed  APD  structure  is  achievable 
even  with  materials  having  almost  equal  electron  and  hole  ionization  coefficient  by  using  a  submicron 
multiplication  region. 
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Abstract.  The  paper  presents  an  efficient  approach  to  evaluate  the  performance  of  electron  devices  under 
non  stationary  operation  through  an  accurate  mixed  physics-electromagnetic  based  model.  The  analysis 
couples  a  three-dimensional  (3-D)  time  domain  solution  of  Maxwell’s  equation  to  the  electron  device  model. 
The  electron  devices  model  is  based  on  a  simplified  version  of  the  first  three  moments  of  the  Boltzmann 
transport  equation  (BTE).  By  means  the  proposed  physics  based  model  a  conventional  0.2  pm  HEMT  has 
been  simulated.  The  numerical  results  show  the  effect  of  the  interaction  between  electron  and  fields  on  the 
behavior  of  high  frequency  FETs. 


1.  Introduction 

Over  the  past  few  years  an  increasing  interest  in  the  development  of  integrated  CAD  environment  for 
MMIC’s  (Monolithic  Microwave  Integrated  Circuits)  and  MMMIC’s  (Monolithic  Millimetre  wave  Integrated 
Circuits),  which  include  process  simulation,  device  simulation,  circuit  analysis  and  optimization,  has  led  to 
the  implementation  of  very  powerful  CAD  tools.  As  the  frequency  of  operation  increases,  the  requirements  of 
the  CAD  tools  become  more  stringent,  due  to  the  growing  interactions  between  different  elements,  both  active 
and  passive,  on  the  circuit,  and  of  the  increased  importance  in  parasitic  effects.  It  is  even  more  evident  for 
monolithic  circuits  where  the  adjustment  and  trimming  of  the  original  design  is  too  costly.  Including  active 
device  modeling  in  the  CAD  analysis,  arises  from  the  need  of  adjusting  their  geometry,  e.g.  number  and 
length  of  gate  fingers,  so  as  to  achieve  design  optimization.  In  order  to  do  this  it  required  simultaneously 
perform  both  accurate  electromagnetic  analysis  and  the  physical  modeling  of  the  active  device.  Some  valuable 
works  were  performed  in  the  area  of  investigating  the  electromagnetic  (e.m.)  wave  effects  within  microwave 
transistors,  "nie  usual  approach  consists  of  simultaneously  solving  both  the  electromagnetic  problem  and 
charge  transport  problem  [1].  This  approach  is  useful  to  gain  an  detailed  view  of  the  transistor  behavior  and  to 
improve  in  transistor  design  optimization.  This  requires  an  approach  which  is  capable  of  implementing  the 
model  without  requiring  too  much  of  computing  time.  Different  strategies  has  been  applied  for  circumvent 
that  limitation  [2]. 

A  new  approach  combining  a  full-wave  time-domain  electromagnetic  simulation  with  a  quasi-2D  physical 
simulation  to  analysis  the  basic  transistor  structure  is  presented  in  [3].  The  method  combines  both  high 
accuracy  and  speed,  as  required  by  practical  circuit  design.  The  proposed  method  was  applied  to  a  typical  0.2 
pm  AlGaAs/GaAs  HEMT,  where  realistic  geometry  and  material  parameters  were  introduced.  The  numerical 
simrdations  are  given  in  the  results. 

2.  Model  Description 

The  model  consist  of  a  link  between  a  quasi  two-dimensional  model  of  a  high  electron  mobility  transistor  and 
a  finite  difference  time  domain  electromagnetic  simulator.  At  first,  the  transistor  active  region  is  subdivided  in 
elementary  sections  along  the  gate  finger  width.  An  elementary  device  was  associated  to  each  individual 
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section,  whose  non-stationary  charge  transport  is  treated  as  a  quasi-two-dimensional  problem  [4],  This 
scheme  is  based  on  the  assumption  that  the  charge  flow,  normal  to  this  direction  in  the  active  layer,  can  be 
neglected.  In  the  model  proposed,  all  sections  are  represented  by  an  elementary  transistor.  The  aim  of  this 
research  is  to  implement  a  3D  non  stationary  analysis  of  the  transistor.  That  is  obtained  by  coupling  the 
individual  sections  with  a  finite  difference  time  domain  electromagnetic  analysis.  The  e.m.  of  the  transistor 
structure,  outside  the  active  region,  includes  pads  and  metalisations.  The  electromagnetic  problem  was  solved 
by  introducing  both  an  external  generator  and  a  local  current  source,  which  represents  the  electrical 
phenomena  taking  place  in  each  elementary  section  of  the  active  layer.  Due  to  the  non-linear  nature  of  the 
active  device,  at  all  time-steps  a  number  of  iterations  are  required.  The  DC  analysis  was  performed  only  for 
the  active  device,  owing  to  its  non-linear  behavior,  while  AC  analysis  was  performed  for  both  of  them.  In  the 
approach,  the  analysis  of  the  bias  condition  is  independently  performed  by  that  of  transient  and  steady-state 
conditions.  The  transient  and  steady-state  fields,  which  are  computed  by  a  conventional  finite  difference  time 
domain  code  and  the  DC  fields  are  related  by  the  curl  equations: 


[H{x,t)  +  B[x))  =  E  ^  ^  ^  ’Kj^a{x,t)  ;  v{^r(x,^)  +  E(x))  =  -/i-i - - - 


Above,  £  and  represent  the  non  DC  components,  while  E  and  H  are  the  DC  components.  Jed  represents 
the  current  density  flow  in  the  elementary  device.  The  above  equations  clearly  denotes  the  claimed  possibility 
of  separately  analyzing  DC  and  non  DC  fields. 


Fig.  1 :  flowchart  of  the  proposed  technique 


The  flowchart  describing  the  sequence  of  the  operation  is  shown  in  Fig.l.  The  elementary  devices  were 
modeled  on  the  most  important  phenomena  occurring  in  the  active  area  of  the  electron  device  under  analysis. 
Starting  from  the  basic  transport  equation  for  electrons,  derived  from  the  Boltzmarm  transport  equation  which 
was  simplified  by  a  nil  spatial  variation  of  the  electron  energy;  electron  velocity;  the  electron  temperature.  The 
reduced  model  is: 
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the  charge  control  law  that  has  been  solved  along  with  the  transport  model  is  represented  by  the  equation: 

£ 

where:  yff  =  ~and  ^  =  0,385  10“"^,  Vd,  is  the  potential  into  the  2DEG  channel  and  Fs„r  the  corresponding 

surface  potential,  [5],  The  quantities  xw,  xp  and  m*  are  functions  of  the  energy  w,  while  wo  depends  on  the 
lattice  temperature  To,  which  is  evaluated  using  a  Monte  Carlo  simulation.  The  main  problem  was  represented 
by  the  difference  occurring  between  the  volumes  subjected  to  e.m.  and  the  transport  phenomena.  It  is  evident 
that  there  is  a  difficulty  in  modeling,  using  the  same  cell  size.  To  circumvent  this  problem  the  effect  related  to 
the  charge  transport  was  included  in  a  density  current  component  flowing  at  the  interface  between  the 
AlGaAs  layer  and  the  air  (Fig.2).  Thus  only  the  surface  field  components  interact  with  the  charge  flow  in  the 
channel,  while  the  gate  current  was  modeled  with  a  current  wire  perpendicular  to  the  gate  metalization.  These 
are  the  main  differences  between  the  proposed  approach  and  the  approach  described  in  [1],  where  a  full 
bidimensional  iteraction  between  fields  and  current  is  accounted  in  the  active  region. 


Fig.  2:  Modelization  of  the  interaction  between  field  and  charge  transport. 

However,  in  most  FET  structures  for  MMMIC  applications,  two  dimensional  modelling  based  on  the 
hydrodynamic  approach  show  that  the  current  density  lines  are  all  enclosed  in  a  100  nm  region  beneath  the 
gate  contact.  Due  to  the  dimension  of  the  buffer  layer,  typically  100  pm,  one  can  assume  that  there  no 
dramatic  change  in  the  performance  of  the  device.  The  scheme  is  shown  in  Fig.2. 

3.  Results 

In  order  to  evaluate  the  effect  of  the  interaction  between  electrons  and  fields  on  the  behavior  of  high  frequency 
FETs,  a  simulation  of  a  0.2  pm  AlGaAs/GaAs  was  carried  out.  The  device  considered  has  a  two  finger,  10 
pm  width  and  was  constructed  in  the  ‘T’  shape.  The  small  amplitude  test  signal  was  a  80  GHz  sinusoid 
modulated  by  a  160  GHz  gaussian  waveform.  The  transistor  performance  were  evaluated  in  a  broad 
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frequency  spectrum.  The  drain  metalization  was  terminated  by  a  50  fi  load  resistor  and  the  source 
metalization  was  grounded.  The  effect  of  the  interaction  between  the  active  region  and  the  wave  propagating 
through  the  metalization  is  shown  in  Fig.  3.  In  Fig.  3  there  is  a  comparison  between,  the  output  signal  of  the 
transistor,  i.e.  ‘active’  trace,  and  the  one  obtained  running  the  simulation  without  the  effect  of  the  elementary 
devices,  i.e.  ‘passive’  trace.  The  effect  of  the  device-wave  interaction  results  in  a  delay  and  in  an  increase  in 
the  amplitude  between  the  two  waveforms,  Fig.3a. 


Fig.  3 :  Comparison  between  numerical  simulation  earned  out  with  and  without  the  effect  of  the  active  area, 

‘active’  and  ‘passive’,  (a)  time  domain  response,  (b)  frequency  domain  response.  Simulation  data:  gate 
length=0.2pm;  source  and  drain  to  gate  distance=1.2  |im;  AlGaAs  thickness  61  nm  ;  doping  10  At./m  ; 
substrate  thickness  100  pm 

A  secondary  effect  is  an  increase  in  the  dispersivity  of  the  active  structure  compared  to  the  passive  one.  This 
is  due  to  the  electron  transport  which  slows  the  propagation  along  the  drain  metalization.  The  FFT  of  the  time 
domain  signals  show  that  the  active  area  increases  the  output  signal  circa  60  GHz,  were  the  particular  device 
structure  optimizes  the  signal  amplification,  Fig.3b. 

4.  Conclusions 

This  paper  presents  a  numerical  model  suitable  for  high  frequency  transistors  given  the  interaction  between 
the  electromagnetic  fields  and  the  electron  device.  The  proposed  approach  simplifies  the  model  by  the 
restriction  of  the  channel  charge  transport  at  the  interface  between  the  air  and  the  device.  This  method  is 
sufficiently  efficient  from  a  numerical  point  of  view,  which  is  an  important  feature  for  the  analysis  of  complex 
transistor  structures.  Finally  the  numerical  simulation  shows  a  frequency  dependent  device-wave  interaction. 
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Abstract.  Device  simulations  are  essential  to  explore  new  device  designs,  optimize  performance,  and 
analyze  the  underlying  physics.  Nanoelectronic  devices  pose  a  new  challenge  in  this  area  since  conven¬ 
tional  drift-diffusion  simulators  are  not  applicable.  NEMO  (NanoElectronic  Modeling)  is  a  new  quan¬ 
tum  device  simulator  based  on  a  non-equilibrium  Green’s  function  formalism  that  simulates  a  wide  variety 
of  quantum  devices,  including  RTDs,  HEMTs,  HBTs,  superlattices,  and  Esaki  diodes.  Here  we  announce 
the  general  release  of  NEMO  as  a  national  resource  freely  available  to  the  US  scientific  community.  We 
will  present  NEMO  calculations  for  InGaAs  /  AlAs  and  GaAs  /  AlAs  RTD  devices. 

1.  Introduction 

Advances  in  epitaxial  growth  and  device  processing  techniques  have  spurred  development  of  het¬ 
erostructure  devices  based  on  quantum  confinement  and  resonant  tunneling  effects.  As  these  devices 
transfer  from  the  laboratory  to  commercial  applications,  accurate  device  simulations  will  be  essential 
to  optimize  device  performance,  explore  new  device  designs,  and  to  understand  the  quantum  effects 
that  drive  the  transport  process.  Conventional  simulators  such  as  PISCES  cannot  analyze  nanoelec¬ 
tronic  devices  without  resorting  to  ad  hoc  models  that  do  not  include  the  underlying  physics  of  the 
quantum  transport. 

To  address  this  problem,  we  developed  a  general  purpose  1-D  quantum  device  simulator  called 
NEMO  (NanoElectronic  Modeling).  Here  we  announce  the  general  release  of  NEMO  as  a  national 
resource  available  free  of  charge  to  the  US  scientific  community  and  describe  some  of  its  features.  We 
also  give  examples  of  NEMO  calculations  for  InGaAs  /  AlAs  and  GaAs  /  AlAs  RTD  devices.  Detailed 
discussion  of  the  NEMO  theory  and  its  application  to  various  devices  are  given  in  Refs.  [1],  [2],  and 
references  therein. 

2.  NEMO  Features 

NEMO  uses  a  non-equilibrium  Green’s  function  algorithm  that  can  incorporate  any  combination  of 
potential,  band  structure,  and  scattering  models.  This  approach  has  proven  to  be  applicable  to  a  wide 
range  of  device  designs,  numerically  stable,  and  computationally  efficient.  Table  1  illustrates  the  some 
of  the  devices,  material  systems,  and  output  options  available  in  NEMO.  Table  2  lists  the  potential, 
band  structure,  and  scattering  models. 
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NEMO  Features 

Devices 

Material  Systems 

Output  Options 

Variety  of  device  designs 

Long  devices  {>  100  nm) 

Large  biases 

Temperature  range  0  -  300  K 

RTD 

HBT 

HEMT 

MOS 

Esaki  diodes 
Superlattices 

AIGaAs 

InGaAs 

InAIAs 

Silicon  (MOS  only) 

Current 

Energy  Bands 

Band  Profile 

Transmission  Coefficient 
Energy  Resonances 

Charge  Density 

Resonant  Wavefunctions 
Density  of  States 

Table  1 .  A  summary  of  features,  device  types,  material  systems,  and  output  options  modeled  with 
NEMO. 


Potential 

Band  Structure 

Scattering 

Thomas-Fermi 

Hartree 

Hartree 

w/  exchange  correllation 

Single-band  effective  mass 
Multiple  decoupled  single  bands 
Non-parabolic  sin^e-band 
k«p  2-band 
spV  10-band 

nearest  neighbor 

2"*^  nearest  neighbor 
spin-orbit  coupling 

Single  Band 

Acoustic  phonon 

Polar  optical  phonon 
Interface  roughness 

Alloy  disorder 

Multi-Band 

Relaxation-time  approx, 
in  contact  layers 

Table  2.  Models  provided  by  NEMO.  The  user  can  mix  any  combination  of  these  models  to  opti¬ 
mize  calculation  accuracy,  execution  time,  and  memory  usage. 


A  major  thrust  of  the  NEMO  project  was  to  provide  a  user-friendly  tool  designed  for  both  scientific 
and  engineering  applications.  To  achieve  this  flexibility  and  ease-of-use,  graphical  user  interface 
(GUI)  development  was  a  major  part  of  the  NEMO  effort.  The  NEMO  GUI  gives  user  as  much 
control  as  possible  over  every  aspect  of  the  simulation  and  plots  the  calculation  results  in  real-time. 
Some  of  the  key  NEMO  GUI  features  include: 

•  Display  and  entry  of  all  device,  material,  and  simulation  parameters. 

•  Default  values  provided  for  material  and  simulation  parameters. 

•  Display  of  calculation  results  in  2-D,  3-D,  and  contour  plots. 

•  Real-time  band  profile  calculation  with  mouse-adjustable  Fermi  level. 

•  Plot  Slicers  to  display  slices  of  3-D  data  sets. 

•  Plot  Slicers  Linker  connects  all  Plot  Slicers  to  a  cursor  on  the  I-V  data. 

•  Library  of  exampleNEMO  simulations. 

•  Band  Structure  tool  to  display  energy  bands  and  electron  density  vs.  Fermi  energy. 

•  Material  parameter  tool  that  displays  material  parameter  equations  and  allows  exploration  of  mate¬ 
rial  properties  vs.  composition  and  temperature. 

•  Operates  on  HP-UX,  Sun,  and  SGI  with  possible  extension  to  DEC/AIpha  and  IBM/AIX  plat¬ 
forms. 

The  Plot  Sheer  is  particularly  useful  as  it  allows  the  user  to  review  ah  of  the  calculation  results  and 
link  them  to  a  master  shde  bar  connected  to  the  I-V  calculation.  Figures  1  and  2  illustrate  some  of 
these  graphical  tools. 
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FIG.  1.  Overview  of  several  of  NEMO’s  interactive  windows:  (a)  Main  window  compares  a  simulation  of  current  vs. 
voltage  for  an  optical  resonant  tunneling  device  (ORTD)  to  experimental  data.  The  main  window  provides  access  to 
other  tools  used  for  the  device  design,  (b)  The  energy  band  profde  and  resonance  states  calculated  for  the  ORTD  device, 
(c)  3-D  display  of  the  spectral  function  in  the  center  of  the  ORTD. 


FIG.  2.  Plot  Slicers  for  the  charge  distribution  (left)  and  band  profile  with  energy  resonances  (right)  linked  to  the  current 
vs.  voltage  scan  (center).  The  Link  tool  can  couple  all  output  graphs  as  a  function  of  bias.  Quick  keys("«"  "»") 
switch  the  scroll  bar  between  maximum  and  minimum  extrema  in  the  I-V  data. 


3.  Simulation  Examples 

As  an  example,  we  illustrate  RTDs  built  in  two  different  material  systems.  The  first  device  shown 
in  the  inset  of  Fig.  3  is  an  Ino.53Gao,47As  /  Ino.sjAlo.asAs  RTD  operating  at  room  temperature.  NEMO 
employs  a  10-band  sp^s*  bandstructure  model  to  determine  the  non-paraboUc  E(k)  dispersion  for  the 
InGaAs  and  InAlAs  conduction  bands.  A  numerical  integration  method  calculates  the  transmission 
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FIG.  4.  Current  vs.  voltage  characteristic  of  an  GaAs 
/  AlAs  resonant  tunneling  diode  at  a  temperature  of 
4.2  K.  A  phonon  peak  is  visible  in  the  valley  current 
region. 

region. 

including  the  dependence  on  transverse  momentum.  The  predicted  valley  current  and  peak-to-valley 
ratio  show  good  agreement  with  the  experiment  even  though  the  simulation  neglects  scattering  effects 
in  the  central  quantum  region  (a  relaxation-time  approximation  accounts  for  scattering  in  the  reser¬ 
voirs  outside  the  central  region).  This  indicates  that  thermionic  emission  through  the  first  excited 
quantum  well  state  dominates  the  room  temperature  valley  current. 

The  second  device  is  a  GaAs  /  AlAs  RTD  measured  at  T=4.2K.  The  NEMO  simulation  shows  that 
a  polar-optical-phonon  assisted  tunneling  process  dominates  the  valley  current  (Fig.  4).  If  we  neglect 
polar  optical  phonon  scattering,  the  calculated  valley  current  is  too  low  by  3  orders  of  magnitude. 

4.  Conclusion 

In  conclusion,  NEMO  is  a  comprehensive,  versatile,  and  user-friendly  quaitum  device  modeling  tool 
with  predictive  capabilityfor  a  wide  range  of  devices  and  operating  conditions  The  general  release  is 
slated  for  the  December  15  of  1997  at  which  time  it  will  be  available  to  any  interested  domestic  indsi- 
trial  and  educational  facilities.  To  obtain  NEMO,  contact  Gerhard  Klimeck  at  Raytheon  TI  Systems, 
phone  972-995-5510,  emailgekco@ti.com. 
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FIG.  3,  Current  vs.  voltage  characteristic  of  an 
Ino,s3Gao.47As  /  lno.52Alo,48As  resonant  tunneling  diode 
(see  the  conduction  band  edge  in  the  inset)  at  room 
temperature  calculated  in  a  10-band  model  with  full- 
band  integration  and  no  scattering  in  the  central  RTD 
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Atomic  scale  calculations  for  strain  distribution  and 
electronic  structure  of  InAs  pyramidal  quantum  dots 
on  (100)  GaAs 


T.  Saito,  J.  N.  Schulman,*  and  Y.  Arakawa 

Center  for  Collaborative  Research,  University  of  Tokyo 
4-6-1  Komaba,  Meguro-ku,  Tokyo  153,  Japan 

Abstract.  The  theoretical  investigations  for  the  strain  distribution  and  electronic  structure 
of  InAs  pyramidal  quantum  dots  (QDs)  have  been  performed  using  the  Keating  potential 
and  the  sp^s*  tight-binding  method.  The  161-,  1222-,  and  4047-atom  QDs  on  GaAs  with 
no  cap  layers  are  studied.  The  strain  energy  is  largest  at  the  QD  base  layer  and  decreases 
rapidly  with  increasing  distance  from  the  base.  We  have  calculated  the  energies,  the  wave 
frmction  “inside”  fractions,  and  the  densities  of  states  for  the  inside  states  and  the  surface 
states.  The  density  of  the  inside  states  shows  a  large  energy  gap  [2.71  eV  (161-atom  QD), 
1.74  eV  (1222-atom  QD)]  due  to  the  strong  confinement  effect.  We  find  the  surface  states 
from  the  {llljAs  facets,  (lOO)In  base,  and  {lll}In  facets  of  the  QDs,  which  are  distributed 
in  the  different  energy  regions  in  the  gap. 

1.  Introduction 

Growth  of  self-assembled  InAs  quantum  dots  (QDs)  on  GaAs  substrates  has  recently  become 
promising  to  fabricate  three  dimensional  confined  structures.  Molecular  beam  epitaxy  [1]  and 
metalorganic  chemical  vapor  deposition  [2]  have  been  used  to  grow  InAs  QDs  using  the  Stransky- 
Krastanov  growth  mode,  in  which  the  driving  force  of  the  QD  formation  is  the  lowering  of  the 
strain  energy  due  to  island  formation. 

Theoretical  calculations  of  the  strain  and  electronic  structure  of  the  InAs  QDs  have  been 
carried  out  using  macroscopic  methods;  elastic  continuum  theory  for  the  strain,  and  the  effective- 
mass  approximation  for  the  electronic  structure  [3].  These  methods  are  valuable  especially  when 
the  QD  has  a  large  size  and  sharp  interfaces.  When  the  QD  has  a  smaller  size,  or  has  surfaces, 
or  has  interfaces  with  atomic  scale  roughness  or  defects,  atomic  scale  methods  are  then  useful  for 
calculating  the  strain  and  electronic  structure. 

Recently  atomic  scale  calculations  for  electronic  structures  have  been  carried  out  for  Si 
spherical  QDs  using  a  tight-binding  method  [4]  and  for  InP  cubic  QDs  using  a  pseudopotential 
method  [5].  However  calculations  for  InAs  QDs  with  realistic  shapes  and  strain  are  not  available. 

In  this  study,  we  calculate  the  strain  distribution  and  electronic  structure  of  InAs  pyramidal 
QDs  using  atomic  scale  methods.  For  the  strain  calculation,  we  use  the  Keating  potential  [6]  in 
which  the  strain  energy  is  expressed  in  terms  of  changes  in  bond  lengths  and  angles.  For  the 
electronic  structure  calculation,  we  use  the  tight-binding  method  with  the  sp^s*  atomic  orbital 
basis  [7], 
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2.  Strain  distribution 


2.1  Keating  potential  method 

The  calculation  of  the  strain  distribution  in  InAs  pyramidal  QDs  is  carried  out  by  the  following 
two  steps:  1)  generate  the  initial  atomic  positions  in  the  QDs  on  GaAs,  and  2)  modify  the  initial 
atomic  positions  in  order  to  minimize  the  strain  energy.  We  calculate  the  strain  distribution  for 
the  “energy-minimized”  atomic  positions. 

We  generate  the  initial  atomic  positions  in  the  InAs  pyramidal  QDs  on  GaAs,  in  which 
the  base  plane  of  the  pyramid  is  the  (001)  In-plane,  the  edges  of  the  base  are  oriented  along 
the  [110]  and  [110]  directions,  and  the  pyramid  facets  are  {lll}In  and  {lll}As  planes  (see  the 
inset  in  Fig.  1).  The  initial  atomic  positions  in  the  QDs  are  set  identical  to  those  in  the  InAs 
pseudomorphic  epitaxial  layer  on  (001)  GaAs  using  the  macroscopic  elasticity  theory.  We  generate 
161-atom,  1222-atom,  and  4047-atom  pyramidal  QDs  whose  base  lengths  are  20  A,  44  A,  and  68 
A,  respectively. 

To  minimize  the  strain  energy,  we  use  the  Keating  potential  [6]  in  which  the  strain  energy  is 
expressed  in  terms  of  changes  in  bond  lengths  and  bond  angles.  In  the  minimization  process,  the 
atomic  positions  on  the  base  (001)  In-plane  are  fixed  to  match  the  (001)  As-plane  of  the  GaAs 
substrate.  The  atomic  positions  above  the  base  plane  are  moved  in  order  to  minimize  the  Keating 
potential;  here  each  atom  is  moved  in  turn  along  the  direction  of  the  force  on  it  determined  by 
the  Keating  potential. 


2.2  Results  of  calculation 


Figure  1  shows  the  strain  energy  distribution  in 
the  161-,  1222-,  and  4047-atom  QDs  after  the  en¬ 
ergy  minimization.  In  the  three  QDs,  the  strain 
energy  (per  atom  on  a  layer)  is  largest  at  the  base 
layer  and  decreases  rapidly  with  increasing  dis¬ 
tance  from  the  base.  The  strain  energy  decreases 
less  rapidly  in  a  bigger  QD,  indicating  a  size  ef¬ 
fect  in  the  strain  energy  distribution.  The  sev¬ 
eral  layers  near  the  pyramid  top  have  essentially 
no  strain  energy.  For  example,  in  the  161-atom 
QD,  the  top  five  (of  eleven)  layers  have  essen¬ 
tially  no  strain.  The  total  strain  energy  stored  in 
the  161-atom  QD  after  the  energy  minimization 
is  only  36  %  of  that  stored  in  the  QD  with  the 
initial  atomic  positions  which  are  set  identical  to 
the  atomic  positions  in  the  pseudomorphic  layer. 
This  decrease  in  the  strain  energy  is  clearly  a  driv¬ 
ing  force  for  the  QD  formation  in  the  Stransky- 
Krastanov  growth  mode. 


Layer  Number 


Figure  1;  Strain  distribution  in  the  161-, 
1222-,  and  4047-atom  InAs  pyramidal 
QDs.  The  strain  energy  per  atom  (ex¬ 
cluding  surface  atoms)  on  each  layer  ver¬ 
sus  the  layer  number  is  shown.  No  plots 
are  given  for  layers  which  consisit  of  only 
surface  atoms.  The  pyramid  base  is  at  the 
layer  number  =  1.  The  pyramid  tops  are 
indicated  by  the  vertical  arrows. 
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3.  Electronic  structure:  inside  states  and  surface  states 

3.1  Tight-binding  method 


The  electronic  structure  calculations  for  the  QDs 
are  performed  using  the  sp^s*  semiempiricaJ  tight- 
binding  method  [7].  In  this  method,  the  five 
atomic  orbitals  per  atom  (s,  Py  Pzi  and  s*) 
are  used  for  the  basis.  The  tight-binding  Hamil¬ 
tonian  for  an  Aljofaratom  dot  is  a  real  symmetric 
{^Ntoiai  X  SNtotai)  matrix,  where  Ntotd  is  the  total 
number  of  atoms  in  the  dot.  The  eigenvalues  and 
eigenvectors  (or  wave  functions  are  obtained 
by  diagonalizing  the  Hamiltonian  matrix. 

The  tight-binding  parameters  for  unstrained 
InAs  are  taken  from  the  values  of  Vogl  et  al.  [7]. 

The  spin-orbit  coupling  is  not  included  in  the 
present  study.  The  changes  in  the  interatomic 
matrix  elements  due  to  strain  are  treated  by  the 
d~^  rule  for  bond  length  d  and  the  Slater  and 
Koster  formulae  [8]  for  bond  angles. 

To  characterize  a  location,  dot  inside  or  sur¬ 
face,  of  the  wave  function  ^ ,  we  define  the  ‘Svave 
function  inside  fraction”  FinMe  as 

Finside  =  J  |^|^dT  (12  =  all  inside  atoms). 

Here  “an  inside  atom”  is  definded  as  an  atom 
with  no  dangling  bonds.  Fin,ide  — ♦  1  when  $  is 
strongly  confined  in  the  dot  inside,  and  Fi„^ie  -*  0  when  'J  is  strongly  localized  on  the  dot  surface. 
We  define  the  “critical  inside  fraction”  which  is  Fin,ide  when  is  distributed  uniformly  in 

the  whole  dot.  Clearly  —  ^insidel Ntotai,  here  Nin,ue  is  the  number  of  inside  atoms.  We  can 

classify  all  wave  functions  in  the  QD  into  “inside”  states  and  surface  states  as  follows. 

$  is  an  inside  state  (a  surface  state)  when  [Fimid^  < 

3.2  Results  of  calculation 

Figure  2  shows  the  wave  function  inside  fraction  Fi„,ide  [in  (a)]  and  the  corresponding  densities 
of  states  for  inside  states  and  surface  states  [in  (b)]  in  the  161-atom  QD.  Here  NinsHe  =  66.  In 
(a),  we  find  two  groups  of  inside  states  at  the  valence  side  and  the  conduction  side,  and  several 
groups  of  surface  states  between  the  two  groups  of  inside  states.  The  above  findings  are  reflected 
in  the  density  of  states  in  (b).  The  density  of  inside  states  shows  a  large  gap  (2.71  eV)  due  to  the 
strong  confinement  effect  of  the  QD. 

At  the  same  time,  we  find  several  peaks  of  surface  states  in  the  gap  due  to  the  large  number 
of  surface  atoms  in  the  QD.  The  surface  states  are  localized  mainly  on  the  {lll}As  facets  for  the 


1 61  -atom  dot 


Figure  2:  Wave  function  inside  fraction 
Finside  (a)  and  the  densities  of  inside  states 
and  surface  states  (b)  in  the  161-atom  InAs 
pyramidal  QD. 
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energy  range  —1  eV  ~  0  eV,  on  the  (lOO)In  base  for  0  eV  ~  1  eV,  and  on  the  {lll}In  facets  for 
1  eV  ~  2  eV,  as  indicated  in  Fig.2(b).  These  surface  states  are  similar  to  those  known  for  polar 
semiconductor  surfaces  [9]. 

Figure  3  shows  the  maximum  energy  of  in¬ 
side  states  in  the  valence  side  (jB„)  and  the  min-  ^ 
imum  energy  of  inside  states  in  the  conduction 
side  (Ec)  for  the  161-,  372-,  and  1222-atom  pyra¬ 
midal  QDs.  Here  Niniide  =  197  (372-atom  QD),  ?  ^ 

815  (1222-atom  QD).  The  gap  values  are  also  ^ 
shown.  For  the  1222-atom  QD,  1000  eigenval-  | 
ues  for  the  energy  range  —1.4  eV  ~  2.4  eV  are 
calculated  to  obtain  the  density  of  states  and  the 
gap.  We  find  that  the  gap  becomes  smaller  with  ^ 
increasing  the  QD  size  due  to  the  reduction  of  the 
quantum  confinement  effect.  On  the  other  hand, 
the  peak  positions  of  the  density  of  surface  states 
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[{lll}As,  (lOO)In,  {lll}In]  do  not  depend  on  the 
QD  size. 


Figure  3:  and  E^  for  the  161-,  372-,  and 

1222-atom  pyramidal  QDs. 


4.  Conclusions 


The  theoretical  investigations  for  the  strain  distribution  and  electronic  structure  of  In  As  pyramidal 
QDs  have  been  performed  using  the  Keating  potential  and  the  sp^s*  tight-binding  method.  The 
strain  energy  is  largest  at  the  QD  base  layer  and  decreases  rapidly  with  increasing  distance  from 
the  base.  The  density  of  the  inside  states  shows  a  large  energy  gap  [2.71  eV  (161-atom  QD),  2.19 
eV  (372-atom  QD),  and  1.74  eV  (1222-atom  QD)]  due  to  the  strong  confinement  effect.  We  find 
the  surface  states  from  the  {lll}As  facets,  (lOO)In  base,  and  {lll}In  facets  of  the  QDs,  which 
are  distributed  in  the  different  energy  regions  in  the  gap. 
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Abstract:  Profound  characteristic  changes  of  quarter  micron  PHEMT  as  functions  of  material  and  process 
related  parameters  have  been  examined  based  on  a  novel  two-dimensional  PISCES  heterojunction  simulation. 
The  construction  of  the  PHEMT  input  structure  is  based  on  the  physical  values  obtained  from  experimental 
measurements.  It  has  been  found  that  gate  recess  spacing,  surface  states  and  buffer  are  the  most  influential 
parameters,  other  than  gate  length,  2DEG  sheet  charge  density  and  saturation  velocity,  which  affect  the  PHEMT 
performance. 

1.  Introduction 

A  heterojunction  PISCES  device  simulator  [1]  is  a  powerful  tool  to  study,  examine,  and 
design  complicated  devices  such  as  Pseudomorphic  High  Electron  Mobility  Transistors 
(PHEMTs).  The  two  dimensional  (2D)  heterojunction  PISCES  simulation  used  in  this  work  [2]  is 
based  on  the  following  models  and  assumptions: 

•  Poisson’s  and  carrier  continuity  equations 

•  Impact  ionization  and  carrier  generation/recombination 

•  Field  dependent  mobility  with  fixed  saturation  velocity 

•  Drift-diffusion  and  hydrodynamic  (HDM)  models 

•  Energy  balance  model  for  hot  carrier  transport 

•  60/40  rule  for  band  discontinuity 

Calculations  [3]  for  quantized  energy  states  were  not  considered  in  this  work  due  to  a  deficiency 
of  the  software,  which  causes  the  2DEG  population  to  increase  with  the  donor  concentration  with 
no  upper  boundary.  However,  since  the  2DEG  density  is  initially  matched  by  the  actual 
experimental  values,  hence  this  deficiency  does  not  limit  the  carrier  transport  and  charge  control 
computations. 

This  study  focused  on  examining  some  important  PHEMT  process  and  material  related 
effects  on  gate  recess  and  surface  states,  and  2DEG  buffer  charge  injection,  which  have  been 
empirically  shown  to  affect  PHEMT  characteristics  profoundly.  Even  though  some  of  these 
effects  are  known  in  principle,  it  is  useful  to  quantitatively  assess  the  scale  of  influences  of  these 
parameters  on  PHEMT  performance. 

The  construction  of  the  PHEMT  input  file  is  based  on  the  physical  values  obtained  from 
either  device  profile  design  or  experimental  measurements.  The  basic  device  used  in  this 
simulation  is  a  pulse  doped  PHEMT  structure,  with  a  quarter  micron  gate  length  and  a  3.5- 
micron  drain-to-source  spacing.  It  consists  of  an  undoped  Ino.2Gao.8As  channel  of  120  angstroms, 
an  undoped  Alo,24Gao.76As  spacer  layer  of  30  angstroms,  a  pulse  doped  sheet  charge  of  4xl0'^ 
cm  ,  a  2x10  cm  doped  Alo.24Gao.76As  Schottky  layer  of 220  angstroms,  and  a  4x10  cm' 
doped  GaAs  ohmic  contact  layer  of 450  angstroms.  Figure  1  shows  the  measured  and  simulated 
I-V  characteristics  of  the  baseline  PHEMT,  where  the  simulated  I-V  curves  match  nicely  with 
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actual  PHEMT  measurement  data,  and  show  good  agreement  in  pinch-off  and  soft  breakdown 
characteristics. 

During  the  construction  of  the  baseline  file,  we  found  that  certain  special  arrangements 
were  needed  to  simulate  the  device  characteristics  correctly.  One  major  step  is  to  ground  the 
buffer  through  a  highly  resistive  contact  (e.g.,  >  1x10^  ohms)  in  order  to  pinch  off  the  device 
completely.  Otherwise  the  simulated  I-V  characteristic  can  not  be  pinched  off  due  to  buffer 
charge  accumulation  or  a  self  biasing  effect  as  shown  in  the  simulated  electron  concentration 
plot. 

2.  Gate  recess  and  surface  states 

One  of  the  most  common  variables  and  uncertainties  in  PHEMT  processing  is  tbe  control 
of  the  gate  recess  depth  and  spacing,  which  is  affected  not  only  by  the  etch  chemistry  but  also  the 
photoresist  adhesion  and  preparation.  For  a  typical  PHEMT  device,  a  short  recess  spacing  of 
300-500A  and  a  surface  state  density  of  1.5  to  2.0xl0'^  cm‘^  are  determined  to  match  the 
experimental  data.  However,  this  recess  spacing  can  be  extended  to  as  long  as  ISOOA  or  more 
under  certain  circumstances.  The  simulation  shows  that  when  the  gate  recess  spacing  increases, 
both  the  Idss  and  gm  decrease  due  to  reduced  charge  injection  current  and  increased  series 
resistance,  and  the  impact  ionization  breakdown  behavior  diminishes  due  to  lowering  of  the  peak 
channel  electric  field  near  the  edge  of  gate  electrode  [4].  At  the  same  time,  the  surface  state 
density  of  the  ungated  recess  region  plays  an  important  role.  It  is  useful  to  perform  a  systematic 
series  of  simulations  by  vaiying  both  gate  recess  spacing  and  surface  state  density.  Figure  2a  and 
2b  illustrate  the  Idss  and  gm  as  functions  of  gate  recess  spacing  with  surface  state  densities  of  1 .0, 
2.0, 2.5,  and  3.0xI0'^  cm'^  as  parameters  (A)  through  (D),  respectively.  It  is  obvious  that  in  the 
high  surface  state  condition,  the  device  characteristics  are  more  strongly  influenced  by  the^recess 
spacing.  For  a  typical  PHEMT  fabrication  process,  a  surface  state  density  of  1 .5  to  2.0x10  cm" 
is  representative  for  a  wet  chemically  etched,  silicon  nitride  passivated  recess  surface.  In  Figure 
2a,  the  initial  Idss  drop  from  250A  to  500A  is  significant  and  somewhat  independent  of  the 
surface  state  densities,  which  indicates  a  uniform  reduction  of  sidewall  injection  current  at  the 
recess  edge.  When  the  recess  spacing  further  increases,  the  charge  injection  component 
diminishes  and  the  gm  and  Idss  become  more  strongly  dependent  on  surface  states,  which  deplete 
the  ungated  recess  area  and  increase  the  parasitic  series  resistance. 

Figure  3  shows  Idsss  and  gm  as  a  function  of  gate  recess  depth  with  a  work  function  of 
5.1  eV.  The  recess  depth  is  defined  as  the  distance  between  the  gate  electrode  and  AlGaAs  spacer 
layer,  which  is  30A  above  the  2DEG  channel.  One  can  see  that  the  g™  peaks  at  around  200A 
while  the  Idss  decreases  when  the  gate  electrode  is  moved  toward  the  2DEG  channel.  When 
using  a  stop  layer  etch  process  for  gate  recess,  these  simulations  become  very  useful  in  designing 
the  optimum  stop  layer  position  for  best  obtainable  gm  and  estimating  the  total  sheet  charge 
required  for  a  desired  Idss. 

3.  2DEG  deconfinement  and  buffer  layer  charge  injection 

In  a  PHEMT  structure,  GaAs  or  AlGaAs  is  typically  used  as  the  buffer  layer.  However, 
there  is  a  significant  parasitic  current  flow  through  the  buffer  directly  below  the  InGaAs  channel. 
This  is  mainly  due  to  the  charge  injection  from  the  2DEG  populated  InGaAs  channel  into  the 
buffer  as  a  result  of  a  high  channel  electric  field  (i.e.,  2DEG  deconfmement).  This  charge 
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injection  behavior  results  in  unwanted  current  flow  through  the  buffer  underneath  the  gate,  which 
influences  not  only  the  saturation  current  but  also  the  output  conductance  and  transconductance. 

One  approach  to  improve  the  buffer  charge  injection  situation  is  to  replace  the  normal 
GaAs  buffer  by  a  low  temperature  grown,  highly  resistive  (i.e.,  with  extremely  low  carrier 
mobility)  GaAs  layer  [5,6].  Figure  4  shows  the  comparison  of  simulated  total  current  flow 
between  normal  and  highly  resistive  GaAs  buffers,  and  shows  that  the  current  flow  through  the 
buffer  is  clearly  suppressed  by  the  highly  resistive  buffer.  However,  the  simulation  has  also 
demonstrated  that  the  2DEG  charge  injection  remains  the  same  through  comparing  the  electron 
concentration  contour  plots.  Thus  the  current  flow  reduction  is  mainly  due  to  the  low  mobility 
nature  of  carrier  transport  in  such  a  buffer,  where  the  injected  electrons  are  decelerated  due  to 
frequent  imperfection  scattering.  Because  of  the  extremely  low  carrier  mobility  and  velocity 
associated  with  the  low  temperature  buffer,  the  injection  current  flow  through  the  buffer 
essentially  goes  to  zero  which  reduces  Idss  and  output  conductance,  as  shown  in  Figure  5.  It 
should  be  mentioned  that  since  the  injected  charge  is  “trapped”  in  the  low  mobility  state  of  the 
low  temperature  buffer,  the  accumulated  charges  will  eventually  self  bias  the  buffer  to  retard 
further  injection  until  equilibrium  is  reached.  Which  implies  that  the  low  temperature  or  highly 
resistive  buffers  may  improve  the  device  isolation  and  output  conductance,  but  the  accumulated 
buffer  charges  could  degrade  the  device  high  frequency  performance  at  the  same  time. 

4.  Conclusion 

We  have  demonstrated  the  usefulness  of  using  a  two-dimensional  heterojunction  device 
simulator  for  solving  practical  problems  with  PHEMT  fabrication.  Through  systematic 
simulation,  one  can  generate  quantitative  assessment  of  how  the  material  and  process  parameters 
affect  the  PHEMT  performance  and  utilize  them  as  process  control  and  trouble  shooting  guide.  It 
also  aids  in  understanding  the  device  physics  of  PHEMT  operation,  which  is  valuable  for  specific 
device  design  and  new  concept  demonstration. 
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Figure  1  Comparison  of  simulated  and  measured 
0.25  micron  PHEMT  I-V  characteristics. 


Figure  2  Comparison  of  (a)  Idss  and  (b)  gm  a 
functions  of  gate  recess  spacing  and  surface  state 
density  of  (A)  lxl0>2,  (B)  2xl0'2,  (C)  2.5xl0>2 
and  (D)3xl0'^  cm'^,  respectively. 


Figure  3  Idss  and  gm  as  a  function  of  gate  recess 
denth  for  a  0.25  micron  PHEMT. 
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Figure  4  Comparison  of  current  flow  contour  plots  between 
(a)  normal  and  (b)  low  mobility  buffers,  showing  a  strong 
normal  buffer  injection  current. 
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Figure  5  Comparison  of  0.25  micron  PHEMT  1-V 
characteristics  between  normal  and  low  mobility  buffers. 


Saturation  current  (mA/mm) 


651 


Subject  Index 


Please  note  that  the  page  numbers  below  refer  to  the  title  page  of  the  paper  containing 
the  index  entry. 


AlAs  329 
AlAs/GaAs  333 
AlGaAs  147 

AlGaAs/GaAs  45,  279,  291,  447,  455 

AlGaInN  227 

AlGaN  231,  431 

AlInN  227 

Alloys 

II- VI  61 

III- V  413 
AlSb  337 

Aluminium  antimonide,  see  AlSb 
Aluminium  arsenide,  see  AlAs  and 
related  entries 

Aluminium  gallium  arsenide,  see 
AlGaAs 

Aluminium  gallium  indium  nitride,  see 
AlGaInN 

Aluminium  gallium  nitride,  see  AlGaN 
Aluminium  indium  nitride,  see  AlInN 
Amorphous  silicon  617 
Antimony  337 
As2  flux  75 

Atomic  force  microscope  535,  577 
Auger  analysis  353 
Avalanche  multiplication  391 
Avalanche  photodiodes  631 

Band  edge  discontinuity  391 
Band  offsets  117,167,279 
Bandgap  renormalization  187 
Beryllium  diffusion  41 
Bias  dependence  511 
Bragg  reflector  121 
Breakdown  47 1 
Buffer  503 

Buffer  layer  thickness  effect  1 1 


Bulk  geometric  structure  223 

Carbon  311 
Carbon  content  53 
Carbon  tetrabromide  doping  395 
Carrier  concentration  saturation 
mechanism  87 
Carrier  lifetime  479 
Carrier  transport  391 
CBE,  see  Chemical  beam  epitaxy 
CBr4  151 
CCI4  151 

Characterization  61,  155,  163,  245, 
287 

Charge  buildup  613 
Charge  storage  443 
Chemical  beam  epitaxy  (CBE)  439 
Chemisorption  143 
Communications  515 
Compliant  substrate  25 
Compliant  universal  (CU)  29 
Composite  channel  483 
Composite  emitter  439 
Compounds 
III-V  compounds  37 
Contact  resistance  179,  353,  455 
Contact  resistivity  175,  459 
Contacts  467 
Corner  reflector  345 
Coupled  electron  waveguide  557 
Coupled  nanostructure  557 
Critical  points  593 
Cross  incorporation  259 
Current  387 
Current  density  307 
Cyclotron  mass  275 

DBR,  see  Distributed  Bragg  reflector 


652 


Deep  levels  299,  307 
Defects  211,283 
Delta  doping  91,245 
Detector  49 1 

Device  characterization  341 
Diode  625 

Dislocation  density  53 
Disorder  617 
Disordering  329 

Distributed  Bragg  reflector  (DBR)  325 
Doping  levels  503 
Double  crystal  X-ray  rocking  curve 
255 

Dry  etching  341 
DyAs  159 
DyP  159 

Electrical  and  optical  anisotropy  183 
Electrical  properties  53 
of  layered  structures  79 
Electroluminescence  413 
Electron  device  modelling  635 
Electron-electron  interaction  543 
Electron  transport  539 
Electronic  interface  properties  131 
Electronic  structure  643 
Ellipsometry  239 
Emitters  379 
Energy  gap  227 
Epitaxial  films 
4"  wafer  287 
Epitaxial  growth 
overgrowth  621 
rate  143 
self-limited  71 
Epitaxy  155,  179 
selective  area  epitaxy  45,  83,  531 
Erbium  1 99 
Esaki  diode  617 
Etching  337,  349 
selective  349 
Exact  diagonalization  543 
Excess  noise  factor  631 
Excitons  195 
lifetimes  235 


Facets 

growth  on  531 
FET,  see  Field  effect  transistors 
Field  effect  transistors  (FETs)  427, 
487,  597 

Flow  rate  modulation  epitaxy  71 
Fluorescence-detected  EXAFS  199 
/max  421 

Focused  ion  beam  353 
Frequency  multiplier  515 
FTIR  311 

GaAs  131,155,179,191,499,589, 
621,  631 

and  InGaAs/GaAs  577 
HEMT  383 
LEDs  417 
low-temperature  135 
low-temperature  grown  GaAs  507 
MOSFET  319 
patterned  substrates  151 
semi-insulating  53,  621 
surface  passivation  139 
GaAs/AlGaAs  287,  479 
(GaAsSb-GaIn As)  superlattice  117 
Gain  measurement  207 
Gain  As  383 
GalnAsP  99 
GaInN  231 
GalnP  439,  443 

GaInP/Ga(Al)As/GaInP  DHBTs  435 
Gallium  antimonide,  see  GaSb  and 
related  entries 

Gallium  arsenide,  see  GaAs  and  related 
entries 

Gallium  indium  nitride,  see  GaInN 
Gallium  nitride,  see  GaN  and  related 
entries 

GaN  11,15,211,215,219,227,235, 
239,  349,  375,  427,  431 
(0001)  223 
cubic  5 

Er-implanted  203 
Mg-doped  215 
GaN/GaInN  371 
GazOaCGdzOj)  319 


653 


GaP  199 

GaS  139 

GaSb  121,  337 

GaSb/InAs  259 

Gate  source  capacitance  495 

GdInP/GaAs  91 

Ge  467 

GeN 

isoelectronic  impurities  271 
Germanium,  see  Ge 
Germanium  nitride,  see  GeN 
Green’s  function  639 
GTO  devices  363 

HBT,  see  Heterojunction  bipolar 
transistors 

HEMT,  see  High  electron  mobility 
transistors 

Heterointerface  147 
Heterojunction  bipolar  transistors 

(HBTs)  435,  455,  459,  467,  439, 
447 

AlGaAs/GaAs  451 
DHBT  443 

high-frequency  performance  439 
Heterojunction  field  effect  transistors 
(HFETs)  421,  483,  601,  609 
high-frequency  427 
high-power  427 
metamorphic  483 

Heterojunction  interband  tunneling  605 
Heterojunctions  167,  467,  647 
double  heterojunction  487 
Heterostructure  avalanche  photodiode 
391 

Heterostructure  transistor  507 
Heterostructures  37 
pseudomorphic  91 
HEET,  see  Heterojunction  field  effect 
transistors 

HIEET,  see  High-frequency  field  effect 
transistors 

High  electron  mobility  transistors 

(HEMTs)  91,  303,  341,  471,  435, 
491,  635 
low-power  491 


low-temperature  491 
metamorphic  503 
pseudomorphic  HEMT  (PHEMT) 
463,  475,  495,  647 
High-frequency  field  effect  transistors 
(HIEETs)  463,  605 
High-frequency  transistor  635 
High-temperature  device  507 
High-index  substrates  65 
Hydrazine  15 
Hydrogenation  307 

ICP  349 

Impact  ionization  measurements  435 
Impurity  concentration  215 
(In,  Ga)N 
cubic  5 
InAlAs/InGaAs 
HEMT  503 

InAs  483,  531,  589,  643 
InAs/AlSb/GaSb  593 
InAsSb  113,569 

Indium  arsenide,  see  InAs  and  related 
entries 

Indium  gallium  arsenide,  see  InGaAs 
and  related  entries 

Indium  gallium  nitride,  see  InGaN  and 
related  entries 
Infrared  lasers  565 
InGaAs  57,311,395,459 
Ino.53Gao,47  As  171 
InGaAs/InAlAs/InGaAlAs/GaAs  49 
InGaAs/InGaAsP  strained  quantum  well 
structures  103 
InGaAsP/AlGaAs  207 
InGaN  .  1,  375 
InGaP  307 
InGaP/GaAs  95 
HBT  511 
Injection  387 
InP  109,117,299,303 
semi-insulating  InP  295 
InSb  29 
In2Se3  183 

Integrated  twin-guide  345 
Inter- wire  coupling  195 


654 


Interband  tunneling  593 
Interdiffusion  263 
Interface  57,  95,  263 
roughness  259 
state  density  139,  319 
Intermediate-strain  layers  103 
Intermixing  329 
Internal  mechanical  stresses  417 
Ion  implantation  487 
Ionization  path  length  631 
Iron  diffusion  479 

Kink  effect  503 
Kirk  effect  435 

Landau  levels  1 87 
Laser-assisted  growth  45 
Laser  diodes  (LDs)  1 
0.98  iim  103 
blue  1 

distributed  feedback-laser  diode  255 
Lasers  99,  1 13,  387,  553,  569,  625 
1.3  fxm  AlGalnAs/InP  399 
distributed  feedback  (DFB)  laser 
109 

edge  emitting  lasers  547 
mid-infrared  569 
quantum  well  lasers  561 
surface  emitting  laser  345 
Lateral  and  vertical  growth  rates  151 
Lateral  injection  ridge  quantum  well 
387 

Lattice  matching  composition  283 
Lattice  mismatched  growth  25 
Layered  structure  183 
LD,  see  Laser  diodes 
LED,  see  Light  emitting  diodes 
Light  emission  239 
Light  emitting  diodes  (LEDs)  1,  113, 
569,  585 

influence  of  internal  mechanical 
stresses  417 
Light  excitation  499 
Liquid  phase  epitaxy  37 
Local  oxidation 
anodization  577 


Low-frequency  noise  34 1 
Low-frequency  oscillation  499 
Low  field  transport  and  mobility  79 

Magnetoluminescence  1 87 
Magnetoresistance  275 
Magnetotunneling  593 
MBE,  see  Molecular  beam  epitaxy 
MESFET,  see  Metal  semiconductor  field 
effect  transistors 
Metal  semiconductor  field  effect 

transistors  (MESFETs)  421,471, 
499 

microwave  499 

Metal-semiconductor  interface  179 
Metallization  175 

Metalorganic  chemical  vapor  deposition 
(MOCVD)  45,  57,  113,  151,  215, 
231,  287,  311,  451, 

Metalorganic  species 
chemistry  of  143 
Metalorganic  vapor  phase  epitaxy 
(MOVPE)  291,  219 
Metamorphic  buffers  49 
Metastability  375 
Microcavity  553 
Microcavity  devices  585 
Micromachined  membrane  561 
Mid-infrared  emitters  113 
MISFET  139 

MOCVD,  see  Metalorganic  chemical 
vapor  deposition 
Modeling  147,  581,  601 
MODFET  431 

Molar  injection  dependence  395 
Molecular  beam  epitaxial  growth  409 
Molecular  beam  epitaxy  (MBE)  5,  15, 
29,  33,  41,  49,  65,  75,  79,  99,  109, 
121,  125,  131,  147,  159,  163,  183, 
259,  307,  319,  371,  577,  589 
Monolithic  integration  383 
Monte  Carlo  147,  631 
Mosaic  spread  29 
MOSFET  359 

MOVPE,  see  Metalorganic  vapor  phase 
epitaxy 


655 


Multi-chamber  UHV  system  319 
Multidot  columns  535 
Multiple-scattering  cluster  calculations 
223 

Multiquantum  barrier  (MQB)  399 

N  drag  effect  5 
N-ion  implantation  163 
Nanoelectronics  639 
Native  oxide  403 
Neural  networks  33 
Nitrides 

III-V  Nitride  1 
Noise  447,  463,  609 
1  //  noise  491 
low-frequency  447 
model  5 1 1 
parameters  5 1 1 
Non-destruction  287 
Nonlinear  optics  573 
Nonstoichiometric  GaAs  135 
n-type  doping  211 

OEIC  383 

Ohmic  contacts  171,  175,  427,  431, 
455,  459 

Ohmic  metallizations  353 
One-dimensional  confinement  597 
One-step  selective  growth  151 
Optical  communication  573 
Optical  properties  65,  235 
Optoelectronic  devices  41 
Optoelectronics  553 
Ordered  dopant  incorporation  245 
Ordering  87,  535 
Organic  379 
Oxidation  325,  329 

Palladium,  see  Pd 
Parameter  extraction  495 
Patterned  substrate  255 
Patterning  83 
Pd  171, 467 
Pd/Ge  455 

Peak-to-valley  ratio  605 
Phonon  bottleneck  525 


Phonon  scattering  391 
Photo  carrier  profile  479 
Photocapacitance  299 
Photoconduction  303 
Photoconductivity  characterization  565 
Photodetectors  585 
near-infrared  photodetectors  395 
Photodiodes  409 
Photoexcited  carriers  295 
Photoluminescence  131,  199,  215,  219, 
231,  239,  279,  333,  371,  375,  613 
lifetime  283 
measurements  103 
of  GaN  impurities  271 
time-resolved  photoluminescence 
283 

Photon  confinement  553 
Photoreflectance  57,  291 
Photoreflection  239 
Phototransistor  479 
Physical  model  471 
PIN  diode  163 
PIN  photodiode  383 
PL 

site-selective  PL  203 
PLD,  See  Pulsed  laser  deposition 
PLE 

site-selective  PLE  203 
Positioning  531 
Power  devices  363,  421 
Precipitation  135 
Pressure  279 

Principal  component  analysis  33 
Process  modeling  33 
p-type  doping 

Pulsed  laser  deposition  (PLD)  1 1 
p-ZnSe  163 

Quantum  confined  Stark  effect  613 
Quantum  devices  515,  565,  639 
Quantum  dots  65,  71,  525,  531,  539, 
543,  547,  589,  643 
self-assembled  and  self-organized 
quantum  dots  577 
Quantum  transport  267 


656 


Quantum  wells  191,  403,  413,  537, 

625 

double  quantum  well  275 
InGaAs/GaAs  333 
multiple  quantum  wells  231,  235, 
291 

strained-layer  multiple  quantum  well 
255 

strained  quantum  well  207 
transport  properties  275 
Quantum  wires  65,  71,  195,  557 
atomically  uniform  71 
coupled  557 
InGaAs  75 
Quasi-Fermi  level  413 

Radiative  recombination  413 
Raman  scattering  211 
spectroscopy  337 
Raman  spectroscopy  295 
Rare  earth  group  V  compound  159 
Reaction  kinetics  143 
Reactive  ion-beam  etching  345 
Real  space  transfer  459 
Reciprocal  space  mapping  49 
Reflectance  difference  spectroscopy 
realtime  in-situ  control  87 
Reflection  high-energy  electron 
diffraction  33 

Reflectivity  measurement  325 
Refractive  index  121,  227 
Regrowth  43 1 
Reliability  447 
Resistless  process  83 
Resonant  cavity  enhanced  photodetector 
561 

Resonant  interband  tunneling  593 
Resonant  interband  tunneling  diode 
(RITD)  83 

Resonant  tunneling  597,  613,  617,  639 
Resonant  tunneling  diode  515,581, 
601,  609,  639 
transport  581 

Resonant  tunneling  transistor  609 
RHEED 

realtime  in-situ  control  87 


RITD,  see  Resonant  interband  tunneling 
diode 

Roughness  57 

RTD,  see  Resonant  tunneling  diode 

Sacrificial  layer  29 
Sb-based  solid  solutions  37 
Scanning  tunneling  microscopy  245, 
259 

Schottky  barrier  167 
Schottky  contact  621 
Secondary  ion  mass  spectroscopy 
(SIMS)  311 
Selective  oxidation  333 
Self-alignment  process  487 
Self-assembled  growth  525 
Self-assembled  islands  535 
Self-assembly  1 35 
Self-heating  511 
Self-organization  535 
Semiconductors  61,  279,  387 
design  and  modelling  79 
device  characterization  79 
III-V  compound  79,  245 
III-VI  compound  1 83 
laser  diodes  207 
lasers  109,  403,  573 
narrow-gap  37 
power  359 
Raman  laser  573 
Semi-metal  159 
Si  167 

doping  87,  219 
segregation  41 
SiC  359 
4H-SiC  363 
P-6H-SiC  353 
Silicon,  see  Si 
Silicon  carbide,  see  SiC 
SIMS,  see  Secondary  ion  mass 
spectroscopy 

Simulation  475,  495,  625,  647 
Single  crystalline  1 1 
Single  electron  tunneling  135 
SIT  421 
Solid  source  99 


657 


Space  charge  379 

Spatially  indirect  type-II  emission  117 
Spin-spin  exchange  191 
Sputtering  61 
SRAM  601 
Stability  171 
Stimulated  emission  371 
STM,  see  Scanning  tunneling 
microscopy 
Stoichiometry  299 
Strain  compensation  103 
Strain  distribution  643 
Strain  sensor  525 
Stresses  417 
Subband  structure  557 
Sublevels  303 
Substrates 
(lll)A  291 

Superlattice  properties  267 
Surfaces 
coverage  143 
diffusion  75 
reconstruction  139 
termination  223 
Switching  95 

Thallium  gallium  arsenide  125 
Thallium  indium  arsenide  125 
Thermal  effects  471 
Thin  films  61 
Thyristor  363 
Ti  171 

Tight-binding  method  643 
Titanium,  see  Ti 
Transistor  613 
Trap  379 

Trap-mediated  excitation  203 
TSR  539 

Tunable  vertical  cavity  lasers  561 


Tungsten  621 

Tungsten  chemical  vapor  deposition 
179 

Tunneling  605 

UMOS  359 
Undulation  255 
Unipolar  devices  267 

VCO  605 

VCSEL,  see  Vertical  cavity  surface 
emitting  lasers 
VCZ  growth  53 

Vertical  cavity  surface  emitting  lasers 
121,  325,  547 
V-grooved  substrate  75 
Voltage  controlled  oscillator  495 

Water  bonding  25 
Wavelength  division  multiplexing 
applications  561 

Wide  bandgap  semiconductors  235 
Wireless  515 

Wireless  communications  475 
WN^  459 
WSi  gate  487 

X-ray  CTR  263 

X-ray  diffraction  219 

X-ray  photoelectron  diffraction  223 

Yellow  luminescence  211 

Zeeman  splitting  191 
Zinc  oxide,  see  ZnO 
Zinc  sulfide,  see  ZnS 
ZnO  11 
ZnS  167 
ZnS,tSei_;c  283 
ZnSe/GaAs  263 


659 


Author  Index 


Please  note  that  the  page  numbers  below 
the  index  entry. 


Abare  A  C  367 
Abrokwah  J  131 
Abstreiter  G  49 
Agarwal  A  K  359,  363 
Agarwala  S  409 
AhmariDA  95,467,511 
Akasaki  I  239 
Akeyoshi  T  613 
Alam  M  A  625 
AlbashaL  471 
Alferov  Zh  I  547 
Allerman  A  A  113,  569 
Alvis  R  159 
Amano  H  239 
Amano  S  577 
Anderson  W  A  163 
AndoY  609 
Andronescu  S  N  353 
Antipov  V  G  15 
Aoki  S  263 
Arakawa  Y  643 
Armour  E  287 
Artus  L  295 
Asbeck  P  M  443 
Asenov  A  475 
Averbeck  R  211 
Avrutsky  I  A  387 
Awano  Y  539 

Bachem  K-H  117 
Bachtold  W  341 
Baillargeon  J  N  99,  109 
Balasubramaniam  H  159 
Baltagi  Y  57 
Baraff  G  A  625 
BarlageDW  511 
Barnes  J  413 


refer  to  the  title  page  of  the  paper  containing 


Barnham  K  W  J  413 
Baucom  K  C  569 
Bayraktaroglu  B  447 
Beam  III  E  A  601 
Beaumont  S  P  475 
Beck  M  341 
Benz  W  383 
Bhattacharya  P  525 
Bicknell-Tassius  R  33 
BiefeldRM  113,569 
Bimberg  D  547 
Bisaro  R  155 
Bishop  S  G  203 
Blanks  D  K  639 
Blaugh  J  499 
Blount  M  187,275 
BohmG  49,503 
Borsosfoldi  Z  475 
Botchkarev  A  427 
Bourgoin  J  C  155 
Bouteiller  J-C  561 
Bowen  R  C  601,  639 
Bowers  B  131 
Boykin  T  B  601 
Brandt  C  D  359,  363 
Brandt  O  5,211 
Brar  B  167,  617 
Brech  H  495 
Bremser  M  D  349 
Bronner  W  41,  383 
Brown  A  33 
Brown  T  33 
Bru-Chavallier  C  57,  219 
Bugge  F  207 
Burkhart  JH  113 
Burle  N  155 
Burm  J  427 


660 


Button  C  C  435 

Cai  W  25,  125,  395 
Cartwright  AN  163 
Caruth  D  463 
Casady  J  B  359,  363 
Catcher  G  L  125 
Chang  G  S  249 
Chang  H  C  163 
Chao  B  S  61 
Chen  H  95 
Chen  M-C  589 
Chen  P  F  443 
Chen  Y  J  409 
Chen  Y  K  319 
Cheng  T  S  413 
Cheskis  D  303 
Chia  C  K  391 
ChikH  387 
Cho  A  Y  99,  109 
Cho  H  Y  307 
Cho  S  291 
Choil-H  151 
Choi  Y  215 
Chong  W  K  171 
ChooHR  255 
Chor  E  F  171 
Chou  W  Y  249 
Chow  D  H  515 
Chow  W  187 
Chu  K  K  427 
Chu  S  N  G  99,  109, 
Chua  S  J  171 
Chui  K  515 
Chumbes  EM  91 
Chyi  J-I  401 
Cidronali  A  635 
Coldren  L  A  367 
Coleman  J  J  203 
Collodi  G  635 
Contrata  W  609 
Cook  M  J  45 
Crusco  R  295 
Cui  D  311 
Curtis  A  P  95 


Dagnall  G  33 
Dammann  M  383 
David  JPR  391,435,631 
Davis  R  F  349 
Daweritz  L  65,  87 
De  Anda  F  37 
De  Los  Santos  H  J  515 
Deal  M  D  329 
DenBaars  S  P  367,  431 
Denecke  R  223 
Dickey  S  A  291 
Dietrich  R  121 
Dorsey  D  L  147 
Dorsey  J  33 
Droopad  R  131 
Dua  C  439 
Dubois  C  219 
Ducroquet  F  311 
Dunlap  H  L  515 
Dunn  G  M  631 
Dunstan  D  J  279 
Dupuis  R  D  231,  375 
Duran  H  C  341 

Eastman  L  F  91,427 
Eaves  L  519 
Edinger  K  353 
Eisenbach  A  219 
Eiting  C  J  231,  375 
Ejeckam  F  E  29 
Ekins-Daukes  N  413 
El-Zein  N  605 
Elyukhin  V  A  15 
Emerson  D  T  45 
Erbert  G  207 
Eyink  KG  29 
Ezaki  T  543 

Fadley  C  S  223 
Faleev  N  N  15,  37 
Fay  M  387 
Feld  S  A  325 
Fendrich  J  A  463 
Feng  M  463,511 
Feng  Z  C  287 
Fernando  C  639 


661 


Flitcroft  R  M  435 
Fobelets  K  337 
Forchel  A  121,371,553 
Foxon  C  T  413 
Frensley  W  R  639 
Fresina  M  T  511 
Friedland  K-J  79 
Fuchs  F  117 
Fujisaki  S  103 
Fujita  K  263 
Fujita  Sg  263 
Fujita  Sz  263 
Fujiwara  Y  199 
Funato  M  263 
Futatsugi  T  539 

Ganser  P  383 

Garcia  J  C  439 

Gaska  R  387 

Gatzke  C  337 

Gaymann  A  41 

Goldman  R  S  303 

Gonzalez-Di'az  G  295 

Gorbachev  A  Yu  37 

Gornik  E  267,  565 

Goronkin  H  83,593,531,605 

Graber  A  21 1 

Grattepain  C  155 

Grave  T  495 

Grey  R  391 

Grotjahn  F  41 

Grudowski  PA  231,  375 

Grundmann  M  547 

Griin  N  383 

Guillot  G  57 

Guriev  A  I  15 

Haigh  D  G  475 
Hamaguchi  C  543 
Hamoudi  A  557 
Hanser  A  D  349 
Hanson  M  367 
Kara  N  139 
Harff  N  E  275 
Harper  J  259 


Harris  Jr  JS  11,135,329,535,561, 
577,  647 

Hartmann  Q  J  95,  467,  51 1 

Hattendorf  M  L  467 

Hayden  R  K  519 

Heinrichsdorff  F  547 

Heins  MS  511 

Helm  M  565 

Heng  C  H  171 

Henini  M  519 

Herres  N  117 

Hey  R  79 

Heyman  J  N  565 

Hiramoto  K  103 

Hobson  W  S  319 

Hong  C-H  215 

Hong  H  163 

Hong  K  57,  31 1 

Hong  M  249,  319 

Hong  S-K  345 

Hopkinson  M  279,  391 

Hornung  J  41 

Hou  H  187 

Houston  P  A  435 

Hryniewicz  J  V  409 

Hsia  S  K  463 

Hsin  Y  M  443 

Hsu  S-H  409 

Huang  J  H  499 

Huang  T  F  11 

Huber  J  L  593 

HungC-Y  135 

Hunter  A  T  581 

Hurm  V  383 

Husain  Z  387 

Hvozdara  L  565 

Hwang  J  S  249 

Hwang  W-Y  99,109 

Hwu  R  J  159 

Hybertsen  M  S  625 

Ibanez  J  295 
Ilegems  M  341 
Iliadis  A  A  353 
Ito  T  199 


662 


Jadwisienczak  W  M  271 
Jakobus  T  383 
Janes  D  B  597 
Jiang  D  S  211 
Jiang  H  525 
Jiang  HX  235 
Jiang  S  167 
Jimenez-Sandoval  S  61 
Jin  Y  491 
Johnson  F  G  409 
Johnson  M  B  245 
Johnson  R  G  471 
Jones  ED  187 
Jones  K  A  353 
Jovanovic  D  639 

Kamath  K  525 
Kamijoh  T  333 
Kapolnek  D  431 
Karlsson  C  483 
Kaspi  R  325 
Kawabe  M  577 
Keller  BP  431 
Keller  S  367,  431 
Kempa  K  267 
Khan  M  A  235 
Khirouni  K  155 
Kiehl  R  A  135 
Kim  B  215,  291 
Kim  D  215,  283 
KimDH  191,195 
Kim  D  Y  307 
KimEK  151 
Kim  Hyung  Mun  255 
Kim  Hong  Man  255 
Kim  I-H  455,  459 
Kim  J  S  255 
Kim  K  299 
Kim  M  D  307 
Kim  M  379 
Kim  S  203 
Kim  S  H  175 
Kim  S-I  151 
Kim  T  I  175,  307 
KimT-G  151 

T/'*--  101  in<  07^ 


Kim  Y  151,191,195 
Kimura  T  573 
Kirk  W  P  167 
Kishimoto  S  613 
Klein  P  B  203 
Klimeck  G  601,  617,  639 
Klotzkin  D  525 
Kluftinger  B  413 
Knowles  M  A  451 
Ko  H  S  191,  195 
Koenraad  P  M  245 
Koeth  J  121 
Kohler  K  41,  383 
Kohn  E  507 
Kolagunta  V  R  597 
Kolbas  R  M  231,  375 
Komarov  S  A  535 
Komori  K  557 
Konagai  M  183 
Kop’ev  P  S  547 
Kostial  H  79 
Kovalenkov  O  V  291 
Kozodoy  P  367,  431 
Kramer  G  593,  605 
Kraus  S  503 
Kromann  R  33 
Kruck  P  565 
Kudriavtsev  Yu  A  15 
Kumar  B  R  159 
Kunihisa  T  487 
Kuo  H  C  95 
KuoJM  319 
Kurtz  SR  113,569 
Kwo  J  249,  319 
Kwon  Y  H  307 
Kwon  Y-S  345 

Lai  T  C  159 
LakeR  601,617,639 
Lambert  D  J  H  375 
Lampert  W  V  29,  349 
Lan  E  Y  499 
Lareau  R  T  159 
Larson  M  561 
Lay  T  S  319 
I.p.hedev  A  B  15 


Ledentsov  N  N  547 

Lee  D  283 

Lee  EH  163 

Lee  H-C  379 

LeeJI  215,283 

Lee  J  Y  307 

Lee  K  33 

Lee  P  P  159 

Lee  T-W  455,  459 

Leem  J-Y  283 

LeemYA  191,195 

Lemmerhirt  D  F  467 

Leng  M  639 

Leuzzi  G  635 

LiKF  631 

Li  X  203 

Liaw  J-W  401 

Liesegang  J  223 

Lin  C  95 

Lin  C-C  561 

Lin  C-H  259 

Lin  H-H  589 

Lin  J  Y  235 

Lipinski  M  371 

Lipka  K  M  507 

Litwin  A  621 

Liu  C  T  319 

Lo  Y-H  29 

Loehr  J  P  325 

Lopez  M  291 

Lopez-Ldpez  S  61 

Lothian  JR  319 

Lott  J  A  547,  585 

Lozykowski  H  J  271 

Lubyshev  D  I  25,  125,  395 

Ludwig  M  41,383 

Luo  H  163 

Lye  B  C  435 

Lyo  S  K  275 

Mack  M  P  367 
Mahalingam  K  147 
Maier  M  41,  49 
Main  PC  519 
Majerfeld  A  291 
Maksimov  A  371 


Manes  G  635 
Mani  S  359,  363 
Mannaerts  J  P  249,  319 
Maracas  G  605 
Marcus  M  A  319 
Marshall  A  F  135 
Maruhashi  K  609 
Massengale  A  R  329 
Matsuhata  H  71 
Matsumoto  F  179 
Matuhata  H  557 
May  G  33 

Mayer  T  S  25,  125,  395 
Melendez-Lira  M  61 
Melliti  R  291 
Melloch  M  R  597 
Micovic  M  395 
Migitaka  M  479 
Miller  DL  25,125,395 
Miller  JG  451 
Min  S-K  151 
Mishra  U  367,  431,  507 
Mishurnyi  V  A  37 
Miura  N  519 
Miyamoto  H  609 
Mizutani  T  613 
Mohammadi  S  439,  447 
Morais  J  223 
Mori  N  543 
Morko?  H  235,  427 
MuJH  511 
Muller  J  371 
Muller  S  117 
Mtillhauser  JR  5 
Murphy  M  J  427 
Muth  J  F  375 

Na  M  H  163 
Nagarathnam  S  163 
Nagata  K  315 
Nair  V  605 
Nakagawa  T  75 
Nakamura  S  1 
Neal  J  25,  395 
Nelson  J  413 
Neubert  M  53 


664 


Nguyen  N  507 
Nikishin  S  A  15 
Nishii  K  487 
Nishitsuji  M  487 
Nishizawa  J  179,  299,  573 
Niu  Z  65 
Noble  M  J  585 
Noh  S  K  283 
Norris  T  525 
Notzel  R  65 

Ofuchi  H  199 
Ogura  M  71,557 
Oh  D  K  255 
Ohno  Y  613 
Ohsawa  J  479 
Ohtsuka  T  183 
Okada  Y  577 
Okamoto  N  139 
Okamoto  T  1 83 
Olander  E  383 
Olowolafe  J  O  227 
Ong  D  S  631 
Orloff  J  H  353 
Oshida  Y  179 
Oster  A  207 
Overgaard  C  131 
Oyama  Y  179,  299 

Pajot  B  155 
Pan  J-W  401 
Pan  N  451 
Pao  Y  V  647 
Park  H  S  307 
Park  H-M  455 
Park  J  375 
Park  J-W  439 
ParkM-P  455,459 
Park  S  H  455,  459 
ParkYK  151 
Passlack  M  131 

Pavlidis  D  57,  219,  311,  439,  447 

Pei  S  S  259 

Peng  T  227 

Persson  M  483 

Peter  M  117 


Phillipe  A  219 

Phillips  J  525 

Pinto  M  R  625 

Piprek  J  227 

Plimmer  S  A  391 

PloogKH  5,65,79,87,211 

Plotka  P  179 

Plummer  J  D  329 

Polimeni  A  519 

Pollard  R  D  471 

Pond  L  L  507 

Popvici  G  235 

Pratt  A  R  333 

Putero  M  155 

Py  M  A  341 

PyoHM  191,195 

Pyun  K  E  255,  455 

Qui  G  227 

Ramsteiner  M  65,  21 1 
Rauch  C  267 
Reed  M  A  593 
ReesGJ  391,631 
Reiche  M  87 
Reithmaier  J  P  553 
Ren  F  319 
Ren  L  341 
Rhee  S  J  203 
Riechert  H  211 
Roberts  J  S  413 
Robson  P  N  391,  631 
Rohner  M  553 
Rorsman  N  483 
Rosner  S  J  231 
Rowland  L  B  359,  363 
Rudolph  P  53 
Ryum  B  R  455 

Sadwick  L  P  159 
Sagawa  M  103 
Saigoh  K  479 
Saito  T  573,  643 
Sakuma  Y  539 
Salemink  H  W  M  245 
Salvador  A  235 


Samic  H  155 
Samuelson  L  621 
Sanger  P  A  359,  363 
Sanz-Hervas  A  291 
Schafer  F  553 
Schaff  W  J  427 
Schirmann  E  499 
Schmid  P  507 
Schmiedel  T  191,  195 
Schuermeyer  F  303 
SchulmanJN  581,643 
Schutzendiibe  P  87 
Sciortino  P  F  109 
Scott  D  95 

Seabaugh  A  167,  601,  617 
Seaford  ML  29 
Seifert  M  53 
Seifert  W  621 
Selberherr  S  495 
Sergent  A  M  319 
Seshadri  S  359,  363 
Sexl  M  49,  503 
Shealy  JR  45,  91 
Shelton  B  S  375 
Shen  J  379 
Sheridan  D  C  359 
Sherriff  R  E  325 
Shi  B  Q  143 
Shima  M  539 
Shimbo  B  N  577 
Shin  E-J  215,  283 
Shiralagi  K  83,  531 
Shmagin  I  C  231 
Shmagin  I  K  375 
Shubina  TV  15 
Shur  M  387 
Sibai  A  311 
Sidorov  D  V  417 
Sidorov  VG  417 
Siergiej  R  R  359,  363 
Simlinger  T  495 
Simmons  J  A  187,  275 
Singh  J  525 
Siweris  H-J  495 
Smart  J  A  91 
Smirnov  V  M  37 


Smith  M  235 

Smith  R  K  625 

Smith  S  A  349 

Snowden  CM  471 

So  F  379 

Sokolov  VI  417 

Solomon  G  S  535 

Son  C-S  151 

Son  J-S  283 

Song  N  W  215 

Sosnowski  T  525 

SpringThorpe  A  387 

Spruytte  S  1 1 

Stall  R  A  287 

Steinhoff  R  167 

Stillman  G  E  95,451,467,511 

Stoddart  ST  519 

Stone  D  R  409 

Stradling  R  A  315,  337 

Strasser  G  267,  565 

Strutz  T  539 

Sugaya  T  75 

Sugihwo  F  561 

Sugimoto  Y  543 

Sugiyama  Y  75 

Sun  D  405 

SutoK  179,299,573 

Tabatabaei  S  A  409 
Tabuchi  M  199,  263 
Tager  A  A  387 
Taguchi  E  539 
Tai  C  Y  329 
Takamori  T  333 
Takeda  Y  199,  263 
Talyansky  V  353 
Tamura  A  487 
Tanaka  H  139 
TangH  235,427 
Tanigawa  A  199 
Tanuma  Y  75 
Taulanada  I  451 
Temkin  H  15 
Tews  H  211 
Thayne  I  G  475 
Thibeault  B  431 


666 


Thompson  A  G  287 
Tomich  D  H  29 
Towner  F  J  409 
Toyonaka  T  103 
Trankle  G  49,  503 
Treat  DW  405 
Tronc  P  291 
Tsuchiya  J  199 
Tsui  E  S  M  413 
Tsui  R  83,  531 
Tu  C  W  143 
Tu  Y-K  401 
Tyan  S  L  249 

UchidaK  519 
Uda  T  487 
UedaT  11 
Unterrainer  K  565 
Ustinov  V  M  547 

Van  der  Wagt  J  P  A  601 
Vasil’ev  VI  37 
Venkat  R  147 
Villar  C  291 
Viswanath  A  K  215 
VuDP  451 

Wagner  J  117 
Wang  G  291 
Wang  S  483 
WangX-L  71,557 
Wankerl  A  45 
Watanabe  A  573 
WebbSJ  315,337 
Webster  DR  475 
Weckwerth  M  V  275 
Weimann  G  49,  503 
Weimer  M  259 
WeitzelCE  421,507 
Welser  RE  451 
Wenzel  H  207 
Wernersson  L  E  621 


Werthof  A  495 
Wetzel  C  239 
Whitaker  ME  279 
Wieder  H  H  303 
Wiemeri  J  325 
WilkGD  617 
Winkler  K  117 
Wirner  C  539 
Wolden  C  A  349 
Wolter  J  H  245 
WooJC  191,195 
Wood  M  C  159 
Woods  MS  353 
Wu  Y-F  431 

Xu  J  M  387 
Xu  J-H  379 

Yamada  A  183 
Yamaguchi  S  479 
Yamamoto  S  487 
Yang  B  5 
Yang  H  5 
Yang  Q  95,  467 
Yokoyama  M  139 
Yokoyama  N  539 
Yokoyama  T  487 
Yonei  K  75 
Youtsey  C  597 
Yow  H  K  435 
Yu  J  S  175 
Yu  Z  131 
YunCE  191,195 

Zeng  K  C  235 
Zhang  C  25 
Zhang  D  259 
Zhang  R  531 
Zhou  X  167 
Zubrilov  AS  15 
Zull  H  553 


